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FOREWORD

This report presents the FHWA method for predicting equivalent sound
levels generated by constant speed highway traffic and will be of

interest to highway traffic noise specialists involved in the prediction
and assessment of noise impacts due to traffic.

Research in highway noise and vibrations is included in the Federally
Coordinated Program of Highway Research and Development as Task 5 of
Project 3F, "Pollution Reduction and Environmental Enhancement."
Dr. Howard Jongedyk is Project Manager and Dr. Timothy M. Barry is the
Task Manager.

This report is the result of a joint effort between the Federal Highway
Administration's Offices of Research and Environmental Policy. The
prediction model presented in this report is developed in a straight-
forward manner with numerous example problems designed to emphasize the
model's important features. The model was calibrated using data
collected in 1975 by the Transportation Systems Center, U.S.D.O.T.

Sufficient copies of the report are being distributed to provide a

minimum of one copy to each FHWA regional office, division office, and
State highway agency. Direct distribution is being made to the division
offices.

l

«
Scheffey

Director, Office of Research
Federal Highway Administration

NOTICE

This document-is disseminated under the sponsorship
of .the;>Department of Transportation in the interest
6f information exchange. The United States
Government assumes no liability for its contents or
use thereof.

.

The contents of this report reflect the views of
the Office of Research of the Federal Highway
Administration, which is responsible for the facts
and the accuracy of the data presented herein. The
contents do not necessarily reflect the official
views or policy of the Department of Transportation.

This report does not constitute a standard,
specification, or regulation. i
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PREFACE

This manual is the result of a one year joint project between the Offices of Research and

Environmental Policy of the Federal Highway Administration. The objective of the project was

to develop a logical, easy to use traffic noise prediction model for the highway traffic noise specialist.

Reviews of past experiences with earlier prediction models show that the models have often been

inadvertently misused, most often as a direct result of an incomplete understanding of the basic

assumptions and limitations inherent in the models. Cookbook procedures are valuable only when
the user has a clear understanding of the assumptions and limitations of the procedure. Without an

understanding of these working bounds, cookbook procedures become inflexible tools.

In developing the FHWA Highway Traffic Noise Prediction Model, our objective was to syn-

thesize a prediction procedure based on best available techniques and data, and to present the

model in a logical, step by step format, clearly identifying our assumptions and pointing out the

resulting limitations. Our basic approach was to separate the problem of traffic noise prediction

into a series of adjustments, each of which has physical significance to the highway noise specialist.

The approach allows the user to see the effects of vehicle noise emission levels, traffic volumes,

distances, ground effects, etc., as individual effects related to the overall problem. At the same

time, our approach allows the user to modify the basic model to meet the special requirements of

highway sites or conditions not taken into account in the basic model.

The authors wish to express their sincere appreciation for the contributions of the many
people who provided technical advice and assistance during the development of the model and

during preparation of the manuscript. Special thanks are due Jim Kirschensteiner of the Office of

Environmental Policy (FHWA) who developed the computer versions of the model appearing in

Appendix D, Lynn Runt of the Office of Development (FHWA) who performed the numerical

integrations, and Ms. Beverly Williams of the Office of Environmental Policy who typed the

manuscript.

Timothy M. Barry, Sc.D.

Jerry A. Reagan, P.E.
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THE FHWA HIGHWAY TRAFFIC NOISE PREDICTION MODEL

1.0 INTRODUCTION

The FHWA Highway Traffic Noise Prediction Model (hereafter referred to as the FHWA
model), like several other prediction models, arrives at a predicted noise level through a series of

adjustments to a reference sound level. In the FHWA model, the reference level is the energy mean
emission level. Adjustments are then made to the reference energy mean emission level to account

for traffic flows, for varying distances from the roadway, for finite length roadways, and for shield-

ing. All of these variables are related by the following equation:

-^eg(^);
= (L )E reference energy mean emission level

N{kD
+10 log I

—

q T traffic flow adjustment

(d \
1+ «

+10 log \~jy distance adjustment

/l//a (0 1 , 2 )\
+10 log I 1 finite roadway adjustment

+A
S

shielding adjustment (1)

where

Leq (h) t
is the hourly equivalent sound level of the z'th class of vehicles.

(L )E is the reference energy mean emission level of the z'th class of vehicles.

Nj is the number of vehicles in the z'th class passing a specified point during some
specified time period (1 hour).

D is the perpendicular distance, in metres, from the centerline of the traffic lane to

the observer.

D is the reference distance at which the emission levels are measured. In the FHWA
model, D Q is 15 metres. D is a special case of D.

S
t

is the average speed of the z'th class of vehicles and is measured in kilometres per

hour (km/h).

T is the time period over which the equivalent sound level is computed (1 hour).

a is a site parameter whose values depend upon site conditions.

\p is a symbol representing a function used for segment adjustments, i.e., an adjust-

ment for finite length roadways.

A
s

is the attenuation, in dB, provided by some type of shielding such as barriers, rows

of houses, densely wooded areas, etc.



The first two lines of Equation 1 predict the equivalent sound level generated by a flow of vehicles

of a single class traveling at a constant speed on an effectively infinite, flat roadway at a reference

distance of 15 metres. The last three lines of Equation (1) represent adjustments that deal with the

site conditions between the observer and the roadway.

Once computation of the L (h)^ is complete, the total hourly equivalent sound level, L (h)

can be determined. The Le (h) is the sum of the acoustic contributions of the various classes of

vehicles using the roadway. In the FHWA model, there are three classes of vehicles: automobiles (A),

medium trucks (MT), and heavy trucks (HT). The three classes of vehicles will be defined in the

next section. The total hourly equivalent sound level is computed as:

LpJh) -- 10 log U0 10 + 10"

L eq (h)MT W>HT

10 + 10 10 (2)

When the hourly sound level exceeded 10% of the time, L 10 (h), is desired, an adjustment is used to

convert the Leq (h) {
to L 10 (h)i. The total L 10 (h) is also computed by logarithmically summing the

contribution from each class:

£io(H
L l0 (h)

= lOlogUO 10 + 10 10

10 (h) HT

+ 10 10 (3)

A complete discussion of the mathematical development of this model can be found in Appendices

A and B.

Figure 1 is a flow diagram that shows the computational sequence followed in the FHWA
manual method in arriving at a predicted sound level.

Reference

Energy

Mean
Emission

Level

Flow
Adjustment

Distance

Adjustment
Segment

Adjustment

Shielding

Adjustment

Predicted

Sound
Level

l_eq<h) or

l-10<h>

Figure 1. Flow Diagram of the Computational Sequence Used in the FHWA Model

The computational procedure shown in Figure 1 is followed in Chapter 2 where each of the

variables is discussed in detail. Each variable will be discussed separately and presented in graphical

form for ease of calculations. Sample problems are included to illustrate the use of each chart or

charts as they are developed. Finally, a summary is included at the end of each discussion to aid the

user in following the computational sequence shown in Figure 1.

Chapter 3 examines equivalent lane distances with and without barriers present at the sites.

Chapter 4 presents some nomographs which can be used to quickly estimate traffic noise levels.

Chapter 4 also deals with the development of a computer program for a handheld calculator.

Chapter 5 briefly discusses the accuracy of the FHWA model for those situations where D is equal

to or greater than 15 metres. Chapter 6 discusses noise prediction when the observer is close to the

highway (D is less than 15 metres), Chapter 7 presents some problems involving multilane highways.



2.0 FHWA MODEL - MANUAL METHOD (D > 15 Metres)

a. Introduction

As discussed in Chapter 1, the FHWA model arrives at a predicted sound level through a series

of adjustments to the reference energy mean emission level. The actual value of these adjustments

depends on input data concerning traffic characteristics, topography, and roadway characteristics.

In the FHWA manual method presented in this chapter, these adjustments are read from figures and

tables. Thus, the procedure used in arriving at a predicted noise level using the manual method de-

veloped for the FHWA model is very similar to the manual method used in the NCHRP 117/144

model. The figures have been changed, and the basic model is drastically different, but the compu-

tational procedure is very similar.

Table 1 has been prepared to assist the user in keeping track of these adjustments. The nota-

tion in Table 1 is slightly different from that used in Equation (1). The reason for this will become
apparent as each term in Equation 1 is discussed.

NAME.
DATE

PROJECT DESCRIPTION

1. LANE NO/ROAD SEGMENT
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph)

4. S(kmTh)

5. D(m)

6. 0, (degrees) Fig. 5

7. 02(degrees) Fig. 5

8. (£")£, (dBA) Fig. 2

9. 10 LOG (NjD ISj) (dB) Fig. 3

10a. 10 LOG (D ID) (dBA) Fig. 4

10b. 15 LOG (D ID) (dBA) Fig. 4

11a. 10 LOG (i/fe(0,. fo )/Jrt (dBA) Fig. 6

11b. 10 LOG (i//i/2 (0i.02)/w> (dBA) Fig. 7

12. <pL (degrees) Fig. 10

13. 0a (degrees) Fig. 10

14. 5t,(metres) Fig. 9

15. No EQ- 18

16. Afi (dBA) Appendix B

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. L^ih) (dBA)

19. U,(/j)(dBA)

20. As (dBA) Fig. 8

21. £«,(/>) (dBA)

22. /.«,(/>) (dBA)

23. ND/S (m/km)

24. U-10-£*j), WB) Fig. 15

25. t 10 (/>); (dBA)

26. L, ih) (dBA)

27. Lw ih) (dBA)

Table 1. Noise Prediction Worksheet

b. Reference Energy Mean Emission Level

Figure 1 indicated that the first step in the prediction procedure was to determine the refer-

ence energy mean emission level for each class of vehicles that uses the highway. This requires a



knowledge of the emission levels of the individual vehicles traveling on the highway. The emission

level, L , is defined as the ^-weighted peak pass-by noise level generated by a vehicle as measured

by a microphone at a specified location. In the FHWA model, the microphone is located on a line

perpendicular to the centerline of the traffic lane at a distance of 15 metres from the centerline of

the traffic lane. Microphone height is 1.5 metres. The intervening terrain between the traffic lane

and the microphone should be flat and free of reflective surfaces. When the measurement is made,

the vehicles should be operating on a straight, flat roadway under constant speed conditions and in

cruise mode in the near lane. Care must be taken to insure that the measured emission levels are

free from extraneous sounds. Detailed procedures for measuring noise emission levels are given in

a manual under preparation by FHWA [1,12].

Unfortunately, the vehicles that use the highways do not have identical emission levels. Emis-

sion levels depend on several factors, such as the type of vehicle, engine size, speed, tire type, etc.

Since it is not practical to determine the emission levels for all vehicles in each class, it becomes

necessary to measure the emission levels of a large number of different types of vehicles at various

speeds and statistically determine the reference energy mean emission levels. This is usually done

on a computer using standard curve fitting and statistical techniques. This type of analysis has been

done [2] using the data acquired in the Four-State Noise Inventory [3]. Based on this analysis and

other data [ 2-6 ] , vehicles can be placed in three acoustic source groups:

(1) Automobiles (A) —all vehicles with two axles and four wheels designed primarily for,

transportation of nine or fewer passengers (automobiles), or transportation of cargo (light trucks).

Generally, the gross vehicle weight is less than 4,500 kilograms.

(2) Medium trucks (MT) — all vehicles having two axles and six wheels designed for the trans-

portation of cargo. Generally, the gross vehicle weight is greater than 4,500 kilograms but less than

12,000 kilograms.

(3) Heavy trucks (HT) — all vehicles having three or more axles and designed for the transpor-

tation of cargo. Generally, the gross weight is greater than 12,000 kilograms.

The FHWA model uses the following A -weigh ted national reference energy mean emission

levels:

(L~o)ea
= 38.1 log (5) - 2.4 (4)

(L~o)emt
= 33.9 log (S) + 16.4 (5)

(17), = 24.6 log (S) + 38.5 (6)
h r

where S is the average vehicle speed of the vehicle class in km/h.

Equation (4) is from FHWA Research Report No. FHWA-RD-77-19 [4]. Equations(5)and(6) are from

FHWA Research Report FHWA-RD-78-64 [2].

The reference energy mean emission levels shown here are plotted in Figure 2. It is emphasized

that the truck levels are national averages based on the truck data acquired in the Four-State Noise

Inventory [3].

The Four-State Noise Inventory indicated that there are regional trends in vehicle types. For

example, the majority of large trucks in Florida had four axles. Consequently, the reference energy

mean emission level given in Equation (6) may result in overprediction of the noise levels on Florida

highways. Users of this manual may develop their own reference levels using the FHWA prescribed

measurement procedures [12].

The three vehicle categories discussed here are identical to those reported in NCHRP Report

173. Although the vehicle categories are the same, the emission levels are not. The reason for this

is unclear. One possible explanation is that the measurements were made at different times. The
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Figure 2. National Reference Energy Mean Emission Levels as a Function of Speed

vehicle measurements shown in NCHRP Report 173 were made before 1974. The vehicle measure-

ments in the Four-State Noise Inventory were made in 1975.

One interesting point is the distinction made in NCHRP Report 173 between emission levels

and source levels. NCHRP Report 173 reported a 4 dB error between measured sound levels and

predicted sound levels. This 4 dB error was subtracted from the emission levels, and these quantities

were defined as source levels. The source levels given in NCHRP Report 173 and the emission levels

given here have approximately the same numerical values for the emission levels of the auto-

mobiles and medium trucks. The levels for the heavy trucks are approximately the same at high

speed but not at low speed. This is because the source level for heavy trucks in NCHRP 173 is

independent of speed.



One word of caution. The reference mean emission levels shown in Figure 2 represent cruise

conditions on a flat roadway between 50 km/h and 100 km/h. Below 50 km/h, heavy trucks' emis-

sions increase because these vehicles cannot operate in a cruise mode at speeds less than 50 km/h.

PROBLEM 1

What are the reference energy mean emission levels for automobiles (A), medium trucks

(MT), and heavy trucks (HT) at 75 km/h?

SOLUTION

Step 1. Complete Line 4, Table 1-1.

Step 2. The reference energy mean emission levels can be computed using Equations

(4), (5), and (6) or read directly from Figure 1-1. Record the values on Line 8, Table

1-1 (the values shown here are based on Figure 1-1).
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PROBLEM 1 (Continued)

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 1

1. LANE NO./ROAD SEGMENT
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph)

4. S(km/h) - 75 -

5. Dim)

6. 0, (degrees) Fig. 5

7. 02<degrees) Fig. 5

8. (/£)£, (dBA) Fig. 2 69. 80. 84.5

9. 10 LOG (/V,0 /S,) (dB) Fig. 3

10a. 10 LOG (Do /0) (dBA) Fig. 4

10b. 15 LOG (D ID) (dBA) Fig. 4

11a. 1OLOG(ife(0 l .(fc)/7r)(dBA) Fig. 6

11b. 10 LOG (i/M/2(<h.02>/*')(dBA) Fig. 7

12.
<j>l_

(degrees) Fig. 10

13. 0/j (degrees) Fig. 10

14. $, (metres) Fig. 9

15. No Eq- 18

16. As (dBA) Appendix B

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. /*,(/») (dBA)

19. i^jl/iHdBA)

20. A, (dBA) Fig. 8

21. L^Vi) (dBA)

22. L^ih) (dBA)

23. ND/S (m/km)

24. (Z.,0-**,), (dB) Fig- 15

25. Z. 10 (/>), (dBA)

26. t 10 W) (dBA)

27. LW V>) (dBA)

Table 1-1. Noise Prediction Worksheet



Summary

L (h) = (T~)
reference energy mean emission level

eq y H'-y o)E
t (Figure 2 and line 8 of Table 1)

+ traffic flow adjustment

+ distance adjustment

+ finite roadway adjustment

+ shielding adjustment

The procedures in Section 2(b) can be used to predict the reference energy mean emission level.

This is the predicted equivalent peak sound level produced by the passage of a single representative

vehicle traveling at constant speed at the reference distance of 15 metres from a flat, infinitely long

highway. This is not a very useful value. In Section 2(c), traffic flow adjustments will be introduced.

c. Traffic Flow Adjustments to the Reference Levels

Figure 2 is used to determine the reference energy mean emission level for a single vehicle

representative of a particular class. This value must then be adjusted for traffic flows by use of

the term

10\og (NiirDJTSf). (7)

This expression is valid for any consistent set of units. The units used by highways engineers are

not consistent. Nj is the number of vehicles in the zth class passing a given point over a 1-hour

period ;D is equal to 15 metres; T is equal to 1-hour; andS,- is measured in kilometres per hour.

Consequently, for ease of use, the expression 10 log (N
t
ttD /TSj) is simplified to 10 log (N^Do /S

t
) -25

(Note: -25 = 10 log it — 10 log 1000). Consequently, the adjustment for traffic flow reduces to

(
N

i
Do\

101og(—^ -25. (8)

Note that in Table 1, Line 17, the -25 is treated as an equation constant. The units are the same as

defined above.

DQ is kept in Equation (8) for two reasons:

(1) It emphasizes that the emission levels used in the FHWA model were measured at a

distance of 15 metres.

(2) It serves as an alert mechanism. When D is less than 15 metres, noise predictions must

be made in accordance with the procedures in Chapter 6.

Since D is a constant in the term 10 log (NjDo/S^, the traffic flow adjustment factor varies

as the logarithm of NflS}. UN, is held constant, the adjustment factor decreases with increasing

speed at the rate of 3 dBA per doubling of speed. If Sj is held constant and the volume increases,

the adjustment factor increases by 3 dBA for each doubling of volume.

The name given to the adjustment in this section— the traffic flow adjustment— is somewhat of

a misnomer because Equation ( 7) has one other important function. Recall that T is the time period

over which the equivalent sound level is computed. By making T equal to one hour, the reference

energy mean emission level (a peak value) is converted to an hourly equivalent sound level.

The adjustment for traffic flows can be read directly from Figure 3.

8



10 —

10"

- 20

2 34567 89 2 3

10u

4 5 6 7 89

10 1

2 3456789 2 34567 89 2 3 4567 89

10^

N D/S
;

(m/kml

Figure 3. Adjustment for Real Traffic Flows



PROBLEM 2

A two-lane, east-west highway carries the following hourly traffic:

«

Vehicle Eastbound Westbound
Class Lane Lane

A 317 281
MT 24 12

HT 22 25

The lane width is 3.66 m and the operating speed is 75 km/h. Determine the reference

energy mean emission levels and the traffic flow adjustment factors for each class of

vehicles.

SOLUTION

Step 1. Enter the lane designations on Line 1, Table 2-1.

Step 2. Enter the number of vehicles in each class in the proper columns in Line 3,

Table 2-1.

Step 3. Enter the speed for each vehicle group in Line 4, Table 2-1.

Step 4. Determine the reference energy mean emission levels for each class of vehicles

and enter these values on Line 8, Table 2-1 (values shown were read from Figure 1-1).

Step 5. Since there are three classes of vehicles in each lane, and the number of vehicles

vary between classes, six traffic flow adjustment factors must be determined. Compute
N^Dq/Si for each vehicle group for each lane and enter Figure 2-1 with these values.

The adjustment can then be read directly on the vertical scale. Alternately, the adjust-

ments could be obtained directly from solving Equation (8) (note that Equation (8)

includes a constant of -25). Record these values on Line 9, Table 2-1.

Q

(Continued) f
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PROBLEM 2 (Continued)
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Figure 2-1. Adjustment for Real Traffic Flows

(Continued)
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r
PROBLEM 2 (Continued) •

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 2

1. LANE NO./ROAD SEGMENT EB WB
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 317 24 22 281 12 25

4. S(km/h) - 75 - - 75 -

5. D(m)

6. 0, (degrees) Fig. 5

7. 02 (degrees) Fig. 5

8. (L7)£, (dBA) Fig. 2 69. 80. 84.5 69. 80. 84.5

9. 10 LOG (NiD ISi) (dB) Fig. 3 18. 7. 6.5 17.5 4. 7.

10a. 10 LOG (D /D) (dBA) Fig. 4

10b. 15LOG(Oo /0) (dBA) Fig. 4

11a. 10 LOG ( 14,(0!, &>)/*) (dBA) F '9- 6

11b. 10 LOG (y\im (0i . 021/JT) (dBA) Fig. 7

12. t (degrees) Fig. 10

13. 0A (degrees) Fig. 10

14. ^(metres) Fig. 9

15. N Eq. 18

16. Ag(dBA) Appendix B

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. Leqih) (dBA)

19. i*, (/)) (dBA)

20. Aj (dBA) Fig. 8

21. £«,(/>> (dBA)

22. /.«,(/)) (dBA)

23. /VD/5 (m/km)

24. (Z-lO-^l/tdB) Fig. 15

25. t,o(/i),- (dBA)

26. i. 10 (/))(dBA)

27. i,o(/»)(dBA)

9
Table 2-1. Noise Prediction Worksheet

Lea(h){
- (L )E ,

(
N

i
Do\

+10 log (-^

Summary

reference energy mean emission level

(Figure 2 and line 8 of Table 1)

traffic flow adjustment

(Figure 3 and line 9 of Table 1)

distance adjustment

finite roadway adjustment

shielding

-25 constant

(line 17 of Table 1)

At this point in the development of the FHWA manual method, the user can predict the equiv-

alent sound level at the reference distance of 15 metres from a flat, infinitely long highway pro-

duced by the passage of a group of vehicles of a particular class. In hection 2(d) distance adjust-

ments will be introduced. t
12



d. Distance Adjustment to the Reference Levels

The reference energy mean emission levels are equivalent sound levels based on single vehicle,

peak pass-by noise level measurements made at a distance of 15 metres from the roadway. Predicting

the noise level at distances greater than 15 metres requires that the reference energy mean emission

levels be adjusted for the new distances. The distances adjustment is generally referred to as the

drop-off rate and is expressed in terms of decibels per doubling of distance (dB/DD). Since the

reference energy mean emission levels are equivalent sound levels, the distance adjustment factor

can be expressed as

(
Do\

1 + a

10 log [-£-) (9)

where

D is the perpendicular distance between the centerline of the travel lane and the observer.

D is the reference distance at which the reference energy mean emission level was measured

and equals 15 metres. Note that D is a special case of D.

a is a site parameter whose value depends upon site conditions.

Theoretically, it can be shown that when the ground between the roadway and observer is

acoustically hard, the site is reflective (a = 0). Consequently, the distance adjustment factor reduces

to .^>~v_,

10 log i^j (10)

and the drop-off rate is 3 dB per doubling of distance (3 dBA/DD). Values close to this theoretical

value have been measured in the field [3].

Field studies [3,5] have also shown that when the intervening ground is acoustically soft the

site is absorptive (a =^ 1/2). In this situation, the distance adjustment factor reduces to

15 log ^-j (11)

and the drop-off rate is 4.5 dBA per doubling of distance (4.5 dBA/DD). In this case, it appears

that the 4.5 dBA/DD attenuation is made up of two components—the 3.0 dBA/DD due to geo-

metric spreading and an excess attenuation of 1.5 dBA/DD due to ground effects.

It is important that the users of this manual understand what the values given by Equations 10

and 11 represent. Consider the situation where two sound level meters (SLM's) are located adjacent

to a highway. One SLM is located at distance D and the other SLM is located at distance 2D. As a

vehicle approaches and passes the SLM's, the noise level increases up to a peak level and then de-

creases. If simultaneous readings of the peak levels were recorded, the difference in levels between

the two SLM's would be 6 or 7.5 dBA (6.0 dBA due to divergence and 1.5 dBA due to excess

attenuation if the site is absorptive). However, if comparisons were made between the equivalent

sound levels computed from the pass-by envelopes, the difference in the equivalent sound levels be-

tween the SLM's would range from 3 to 4.5 dBA. Equations (10) and (11) are based on equivalent

sound levels.

In the FHWA model, the user must decide the proper drop-off rate to use. Table 2 has been

prepared to help the user make this decision.

As shown earlier, the 3 dBA/DD takes the form of 10 (logD ID) and the 4.5 dBA/DD takes

the form of 15 log (DQ /D). These functions are shown graphically in Figure 4.

13



Table 2. Criteria for Selection of Drop-Off Rate Per Doubling of Distance

Situation Drop-Off Rate

1. All situations in which the source or the receiver are lo- 3 dBA
cated 3 metres above the ground or whenever the line-of- (a=0)

sight* averages more than 3 metres above the ground.

2. All situations involving propagation over the top of a 3 dBA
barrier 3 metres or more in height. («=0)

3. Where the height of the line-of-sight is less than 3

metres and

(a) There is a clear (unobstructed) view of the high- 3 dBA
way, the ground is hard and there are no inter- (a=0)
vening structures.

(b) The view of the roadway is interrupted by iso- 4.5 dBA
lated buildings, clumps of bushes, scattered trees, (a =1/2)

or the intervening ground is soft or covered with

vegetation.

*The line-of-sight (L/S) is a direct line between the noise source and the observer.
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10 10^

DISTANCE (m)

2 3 4 5 6 789
10"

Figure 4. Adjustments for Distances Other than 15 Metres
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PROBLEM 3

(a) In Problem 2, what would be the distance adjustment factors at an observer located

60 metres south of the centerline of the eastbound lane if the line-of-sight (L/S)

was less 3 metres above the ground and the intervening ground was paved?

(b) What would be the distance adjustment factors if the intervening ground was
covered with grass?

The lane width is 3.66 m.

3.66m

EB—**
1I ~T

60m

+ — ,0

Figure 3-1. Highway Site Geometry for Problem 3

SOLUTION

Refer to Table 3-1.

Step 1. Since there are two problems, identify them in Line 1, Table 3-1.

Step 2. Determine the perpendicular distance, D, from the observer to the centerline

of the EB and WB lanes. Record these values on Line 5, Table 3-1.

Step 3. Consider the problem where the L/S is less than 3 metres and the intervening

ground is paved. Table 2 indicates that a drop-off rate of 3 dBA/DD is appropriate.

Use Figure 3-2 and locate the line that represents a drop-off rate of 3 dBA/DD (10 log

(15/D)). Using the distances, D, determined in Step 2, read the distance adjustment

factors directly from the graph and record them on Line 10(a), Table 3-1. Alternately,

the adjustments could be obtained directly from Equation (10).

Step 4. Consider the problem where the L/S is less than 3 metres and the intervening

ground is covered with grass. Table 2 indicates that a drop-off rate of 4.5 dBA/DD is

appropriate. Use Figure 3-2 and locate the line that represents 4.5 dBA/DD (15 log

(15/JD)). Using the distances, D, determined in Step 2, read the distance adjustments

directly from the graph and record them on Line 10(b), Table 3-1. Alternately, the

adjustments could have been obtained directly from Equation (11).

(Continued)
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PROBLEM 3 (Continued)
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Figure 3-2. Adjustments for Distances Other than 15 Metres

(Continued)
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PROBLEM 3 (Continued)

NAMF PROJECT DESCRIPTION PROBLEM 3

DATE
(a) Hard Siti (b) Soft Site

1. LANE NO./ROAD SEGMENT EB WB EB WB

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph)

4. S(km/h)

5. Dim) 60 64 60 64

6. 0, (degrees) Fig. 5

7. 02<degrees) Fig. 5

8. (IZ)Ei IdBA) Fig. 2

9. 10 LOG (/V,D /S,) (dB) Fig. 3

10a. 10 LOG {D /D) IdBA) Fig. 4 -6. -6.5

10b. 15 LOG (DB ID) (dBA) Fig. 4 -9 -9.5

11a. 10 LOG (1/4,(0!, 021/7T) IdBA) Fig. 6

11b. 10 LOG (i//i/2 (0i.02)/t> (dBA) Fig. 7

12.
<f>l_

(degrees) Fig. 10

13. 0/j (degrees) Fig. 10

14. Oo (metres) Fig. 9

15. N Eq. 18

16. Ae (dBA) Appendix B

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. LeaW (dBA)

19. t-eqih) (dBA)

20. As (dBA) Fig. 8

21. /.«,(/)) IdBA)

22. Leoih) (dBA)

23. /VO/S (m/km)

24. (Z.,0-^), (dB) Fig. 15

25. £ 10 (/>), (dBA)

26. /. 10 (/!)(dBA)

27. i^lMldBA)

Table 3-1. Noise Prediction Worksheet

Summary

LeQ {h)
= (L )E:

+10 log (-^-

reference energy mean emission level

(Figure 2 and line 8 of Table 1)

traffic flow adjustment

(Figure 3 and line 9 of Table 1)
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mi m /n\
distance adjustment factor, hard site

111 log (U /U)
(Figure 4 and line 10 ( a ) of Table 1)

. distance adjustment factor, soft site
15 log {D IU)

( Figure 4 and line 10(b) of Table 1)

+ finite roadways adjustment

+ shielding

—25 constant

At this point in the development of the FHWA manual method, the user can predict the hourly

equivalent sound level, at any point located 15 metres or greater from a flat, infinitely long highway

produced by the passage of a group of vehicles from a particular class. In Section 2(e) finite road-

way adjustment will be discussed.

e. Finite Length Roadway Adjustments to the Reference Levels

Up to this point, it has been assumed that the roadway is infinitely long in both directions in

relation to the observer. In many cases, this is not true, and it becomes necessary to adjust the

reference level to account only for the energy contribution of the roadway that is visible to the

observer. Additionally, it is often necessary to separate a roadway into sections to account for

changes in topography, traffic flows, shielding, etc. In these situations, the roadway will be divided

into segments of finite length [ 6 ] . The finite length roadway adjustment depends on the orientation

of these highway segments relative to the observer and on ground effects.

1. Orientation ofHighway Segement

The following procedure will be used to determine the angular relationship between the road-

way segment and an observer facing the highway segment. (Refer to Figure 5)

Step 1. Draw a perpendicular line from the roadway, or the roadway extension to the

observer. All angles are measured from this perpendicular.

Step 2. Draw a line from the observer to the left most end of the highway segment. The
angle measured from the perpendicular drawn in Step 1 to the line connecting the

observer and the left most end of the roadway segment is <p 1 . If 0j is measured to

the left of the perpendicular it is negative. If
X

is measured to the right of the

perpendicular it is positive.

Step 3. Draw a line from the observer to the right most end of the highway segment. The
angle measured from the perpendicular drawn in Step 1 to the line connecting the

observer and the right most end of the highway segment is 2 . If
2 is measured

to the left of the perpendicular, it is negative, if 2 is measured to the right of the

perpendicular it is positive.

Step 4. Check the angles
X
and 2 by use of the equation

A0 =
2
- 0! (12)

where

(p 1 and 2 are the angles in degrees identified in Steps 1-3 above.

In all cases A0 will be positive and will be numerically equal to the included angle

subtended by the roadway relative to the receiver.

18



Based on this procedure, only three cases are possible:

Case A — 4> 1
is negative, 2 is positive.

Case B — 0j is negative, 2 is negative.

Case C — X
is positive, 2 is positive.

These three cases are illustrated in Figure 5.

ROADWAY SEGMENT

OBSERVER

(1) CASE A

ROADWAY SEGMENT B

OBSERVER

(2) CASE B

A ROADWAY SEGMENT

OBSERVER

(3) CASE C

Figure 5. Angle Identification of Roadway Segments
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PROBLEM 4

Determine 4>i and 2 f°r the segments shown in Figure 4-1. Use A0 to check the

answers.

Figure 4-1. Highway Site Geometry for Problem 4

SOLUTION

Refer to Figure 5 and Table 4-1.

Step 1. The procedure established for the FHWA model requires that all angles be

measured from the perpendicular line connecting the roadway and the observer. Draw
a perpendicular line and remeasure the angles, as shown in Figure 4-2.

Figure 4-2. Identification of Angles for Problem 4

(Continued)
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PROBLEM 4 (Continued)

Step 2. Using Figure 4-2 and the procedures for angle orientation, determine the angles

and their signs.

1. Segment A: X
= -90°

2
= -57°

Check A0 =
2
- 0! = -57° - (-90°) = +33°

(A0 is the included angle for segment A, Figure 4-2).

= -22° (-57°) = +35^

2. Segment B: X
= -57°,

2
= -22°

Check A0 =
2

- 0i

(A0 is the included angle for segment B).

3. Segment C: <t> l
= -22°

2
= +55°

Check A0 = 02 - 0i = 55° - (-22°) = +77j

(A0 is the included angle for segment C).

4. Segment D:
<j>i

- 55°
2 90

c

Check A0 =
2

-
X

= 90°

(A0 is the included angle for segment D).

55
c +35'

Step 3. Record the angles 0j and 2 on Lines 6 and 7, Table 4-1.

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 4

1. LANE NO./ROAD SEGMENT Segment A Segment B Segment C Segment D

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph)

4. S(km/h)

5. Dim)

6. 01 (degrees) Fig. 5 -90 -57 -22 +55

7. foldegrees) Fig. 5 -67 -22 +65 +90

8. (Qf; (dBA) Fig. 2

9. 10 LOG (/V,D /S,) (dB) Fig. 3

10a. 10 LOG (D /D) (dBA) Fig. 4

10b. 15 LOG (D /D) (dBA) Fig. 4

11a. lOLOGdfeltfLifcl/TrMdBA) Fig-

6

11b. 10 LOG (

^

1/2 (ft, &>)/*> (<*8A) Fig. 7

12. (j>L (degrees) Fig. 10

13. fl (degrees) Fig. 10

14. q\, (metres) Fig. 9

15. No Eq. 18

16. As (dBA) Appendix B

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. £«,(/>> (dBA)

19. /*„</)) (dBA)

20. Aj (dBA) Fig. 8

21. Leqih) (dBA)

22. LggVi) (dBA)

23. ND/S (m/km)

24. U-io-Uj), (dB) Fig. 15

25. Lw (h),r(dBA)

26. £ 10 (/>> (dBA)

27. Lw Vi) (dBA)

Table 4-1. Noise Prediction Worksheet
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2. Ground Effects

The problem of finite length roadways is complicated by the fact that ground effects must

be taken into account. In the section on distance adjustments, it was indicated that the drop-

off rate was a function of the height of the line-of-sight and the nature of the terrain between the

observer and the roadway. The finite length roadway adjustment is also affected by these factors.

Consequently, the finite length roadway adjustment factor takes the form of

10 log
a(0i>02)

(13)

where

^(01,02)

01, 02

is a factor that takes finite length roadways into account.

are the angles defined in Figure 5.

a is the site parameter.

When a = 0, the site is reflective (i.e., the drop-off rate is 3 dBA/DD) and the term lOlog(i// o (0 1 ,0 2 )/7r)

reduces to 10 log (A<j>/ir) where A0 is defined in Equation (12).

This implies that roadways subtending equal angles contribute equal energy regardless of their

position relative to the observer when the site is reflective. The function (Equation (13) is illus-

trated graphically in Figure 6.
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180'
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Figure 6. Adjustment Factor for Finite Length Roadways for Hard Sites (a = 0)

When a = 1/2, the site is absorptive (i.e., the drop-off rate is 4.5 dBA/DD). At absorbing sites,

the correction 10 log (i//
1/2 (0 1 , <j> 2

)/ir) reduces to an integration of\/cos<p over the angular limits of

the roadway. This integration has been performed for a = 1/2 and the results plotted as a family of

curves shown in Figure 7. One extremely important consequence of absorption at a highway site is

that roadways subtending equal angles will not necessarily contribute equal energies. The amount

of energy contributed will depend on the position of the observer relative to the roadway segment.

Figure 7 also indicates that the adjustment for an infinitely long roadway is a -1.2 dBA. This re-

sults from the assumption that there are no differences in emission levels (measured at 15 metres)

over hard and soft sites. (See Appendices A and C for further details.) «
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Although the distance adjustment and the finite length roadway adjustment were discussed

separately, both values depend on the site parameter a. Under free field conditions (the observer

has a unobstructed view of the highway or highway section), the same site parameter should be used

to make both adjustments on the same highway or highway segment. Thus if a = 1/2 is used for the

distance adjustment, it should also be used for the finite length roadway adjustment.
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PROBLEMS

(a) Using the angles 0j and 2 from Problem 4 determine the finite length roadway
adjustments assuming that the site is hard (a = 0).

(b) Redo Problem 5(a) assuming that the site is soft (a = 1/2).

SOLUTION

Problem 5(a):

Step 1. Obtain 0j and 2
from Problem 4 and record these values in Table 5-1. Figure

5-1 will be used to determine the adjustment.

1. Segment A: X
= -90°,

2
= -57°, A0 =

A0 33
180

""
180

"'

33°

Adjustment (Figure 5-1) = -7.5 dBA

2. Segment B: :
= -57°,

2
= -22°, A0 =

A0
=

35
= 19

180 180

35°

Adjustment (Figure 5-1) = -7. dBA

3. Segment C: :
= -22°,

2
= +55°, A0 =

A0 77—— = -^- = 43
180 180 '

77°

Adjustment (Figure 5-1) = -3.5 dBA

4. Segment D: (p1
= +55°,

2
= +90, A0 =

A0 _ 35 _

180 180
"

35°

Adjustment (Figure 5-1) = -7 dBA

Step 2. Record the adjustments on Line 11a, Table 5-1.

SOLUTION

Problem 5(b):

Step 1. Obtain 4>\ and 2 from Problem 4 and record these values on Table 5-2. Fig-

ure 5-2 will be used to determine the adjustment.
(Continued)

«

<
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PROBLEMS (Continued)

1. Segment A: ^ = -90°,
2 = -57°

Adjustment (Figure 5-2) = -10.5 dBA

2. Segment B:
2

= -57°,
2

= -22°

Adjustment (Figure 5-2) = -7.5 dBA

3. Segment C: (p 1
= -22°, (j) 2

= +55°

Adjustment (Figure 5-2) = -4.0 dBA

4. Segment D: X
= +55°, </> 2 = +90 °

Adjustment (Figure 5-2) = ?

This particular value is hard to read on Figure 5-2. However,

i//1/2
(55°,90°)

_
i//1/2

(-90°,-55°)

7T IT

(See Figure 5-3)

. Adjustment (Figure 5-2) = -10 dBA

Record the adjustments on Line lib, Table 5-2. Note that Segment B and Segment D
have the same included angle but their adjustments are different.

1 1 1 1
I 1 1 1 1 I 1 1 1 1 1 1 1 1

- -*-

r -

- -

- 4
1

-

10
" ____—

' -

- -

- -

- -

__-— -

20
______

-"~
-

1
1

1 1 1 1 1 1 1

1

SEGMENT A

1

,

1 I 1 1 1 1 1 1

.01 .02 .03 .04 .05 .06 .07 .08.09.1 .3 .4 .5 .6 .7 .8 .9 1.

A0
180°

Figure 5-1. Adjustment Factor for Finite Length Roadways for Hard Sites (a = 0)

(Continued)
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PROBLEM 5 (Continued)

»
NAME.
DATE

PROJECT DESCRIPTION PROBLEM St (Hard Site)

1. LANE NO./ROAD SEGMENT A B c D
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph)

4. S(km/h)

5. D(m)

6. 0, (degrees) Fig. 5 -90 -57 -22 +55

7. 02 (degrees) Fig. 5 -57 -22 +55 +90

8. (ZJT)£,(dBA> Fig. 2

9. 10 LOG (NiD ISi) (dB) Fig. 3

10a. 10 LOG (D„/D) (dBA) Fig. 4

10b. 15 LOG (D /0) (dBA) Fig. 4

11a. 10 LOG <&<<£,. 02)/7r)<dBA) Fig. 6 -7.5 -7. -3.5 -7.

11b. 1OLOG(!// 1/2 Wh.02>/7T)(dBA) Fig. 7

12. <pl_
(degrees) Fig. 10

13. 0A (degrees) Fig. 10

14. £L, (metres) Fig. 9

15. N„ Eq. 18

16. Ag (dBA) Appendix B

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. £«,</>) (dBA)

19. £*,(/>) (dBA)

20 Aj (dBA) Fig. 8

21. L^h) (dBA)

22. £«,(/>> (dBA) •

23. ND/S (m/km) L
24. W-io-W/ MB) Fig- 15

25. Z. 10(H (dBA)

26. L :0 {h) (dBA)

27. Z. 10 </>) (dBA)
•

Table 5-1. Noise Prediction Worksheet

(Continued)

«
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PROBLEM 5 (Continued)

4>2 . degrees

-80° -60° -40° -20° 20° 40° 60° 80°

-1

-2

-3

-4

-5

-6

-7

m -8
-o

*!«
-90°, -57°)

- 9o
: - so*

IT "™. -60°
50

-40°

-30

-20

•

'X 0, , degrees

0°

10°

/
20°

/ ' /
y 30°

y
/ J /

i 40°

xe-

9

m

1 1 (
// /

50°

7 / j
o
o
_l

2 -11

-12

-13

-14

-15

-16

-17

-18

/

,

1 7_U-Lri
60

/ i / /
\ i

f
r

/
TV

- — —-

f

/

I J

t

/ 1/ 7n°

I
/U

/!/ /
/

1

1

/

l

Fig

-80 -60° -40° -20" 20 40° 60° 80'

ure 5-2. Adjustment Factor for Finite Length Roadways for Absorbing Sites (CK= 1/2)

(Continued)
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PROBLEM 5 (Continued)

SEGMENT D
TRANSPOSE

SEGMENT D

i//
1/2

(-90 .-55 )

i//
1/2

<55°, 90°)

Figure 5-3

NAME.
DATE

PROJECT DESCRIPTION
PROBLEM 5b (Soft Site)

1. LANE NO./ROAD SEGMENT A B c
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph)

4. S(km/h)

5. D(m)

6. 0, (degrees) Fig. 5 -90 -57 -22 +55

7. 02<degrees) Fig. 5 -57 -22 +55 +90

8. (Qf, (dBA) Fig. 2

9. 10 LOG {NiDoISi) (dB) Fig. 3

10a. 10 LOG <0O /D) (dBA) Fig. 4

10b. 15 LOG (0O /D) (dBA) Fig. 4

11a. 10 LOG (i/fe (0i,02 )/*') <dBA) Fig. 6

11b. 1OLOG(i/> 1/2 <0i.02)/tf><dBA) Fig. 7 -10.5 -7.5 -4. -10.

12.
4>i_

(degrees) Fig. 10

13. 0/j (degrees) Fig. 10

14. 4) (metres) Fig. 9

15. N Eq. 18

16. AB (dBA) Appendix B

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. Leglh) (dBA)

19. i«,(/>)(dBA)

20. As (dBA) Fig. 8

21. L^h) (dBA)

22. /.«,(/)) (dBA)

^3 A/0/5 (m/km)

24. (i 10-^,), (dB) Fig. 15

25. /.,<)(/>)/ (dBA)

26. i 10 Ci) (dBA)

27. i 10 (A) (dBA)

•

Table 5-2. Noise Prediction Worksheet

(Continued)
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PROBLEM 6

Refer to Figure 6-1 below. Using the traffic data given in Problem 2, compare the

sound levels that reach the observer from Segment A and Segment B. The L/S is less

than 3 metres above the ground and the intervening ground from Segment A has been

paved over. The intervening ground from Segment B is covered with grass. The high-

way is infinitely long. Lane width is 3.66 metres. Use Table 1 and the Figures to solve

this problem.

SEGMENT A

HARD SITE (a = 0)

90

SEGMENT B

WB *- 3.66m

D = 60m

EB

SOFT SITE (a = 1/2)

Figure 6-1

TRAFFIC DATA

Eastbound Westbound
Vehicle Lane Lane

Class V/H V/H

A 317 281
MT 24 12

HT 22 25

S = 75 km/h

SOLUTION

This problem will be solved by using Figure 1 and Table 1 as a computational guide.

Step 1. Refer to Table 6-1. Complete Lines 1-4 from the data given in the problem

statement.

Step 2. Determine the perpendicular distance from the observer to the centerline of

the EB Lane (60 m) and the WB Lane (64 m). Record these values on Line 5, Table 6-1.

(Continued)
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Problem 6 (Continued)

Step 3. Refer to Figure 5 and Figure 6-1 and determine 0j and 2 .

Segment A: 0-l
90

c

2
=

OKCheck A0 =
2

-
X

= - (-90) = +90 c

Segment B: T
= 0°

2
= 90°

Check A0 =
2

- 0! = 90° - 0° = +90° OK

Record the values for <p 1 and 2 on Lines 6 and 7, Table 6-1.

Step 4. Refer to Figure 2 and determine the reference energy emission levels. Record
these values on Line 8, Table 6-1.

Step 5. Refer to Figure 3 and determine the traffic flow adjustments to the Reference

levels. Six different adjustments must be computed for each segment.

Note DQ
= 15 metres,

Record these values on Line 9, Table 6-1.

75 km/h

Step 6. Refer to Table 2 and Figure 4 and compute the adjustments for distances. The
adjustments for Segment A are based on 10 log (D /D).

Record these values on Line 10(a), Table 6-1. The adjustments for Segment B are based

on 15 log (D /D).

Record these values on Line 10(b), Table 6-1.

Step 7. Refer to Figure 6 and compute the finite length roadway adjustment for

Segment A. Record these values on Line 11(a), Table 6-1. Refer to Figure 7, and
compute the finite length roadway adjustment for Segment B. Record these values on
Line 11(b), Table 6-1.

Step 8. Since there are no barriers in this problem Lines 12-16 are not applicable. Re-

fer to Figure 1 and compute the L
e

(h). for each class of vehicles and enter these values

in Line 18, Table 6-1.

Example: Segment A, E.B.

W*)A = 69+18-6 - 3 - 25 = 53dBA

Leq(h )MT
=80+7-6 - 3 - 25 = 53dBA

Leq (h)nT
= 84.5 + 6.5 - 6 - 3 - 25 = 57dBA

(Continued)
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PROBLEM 6 (Continued)

Example : Segment B , W . B

.

Lpn (h)^ = 69 + 17.5 - 9.5 - 4 - 25 = 48 dBAeq v 'A

Leq (- h \dT
= 80 + 4

-
~ 9-5 - 4 - 25 = 45.5 dBA

Leq(h )HT = 84.5 + 7 - 9.5 - 4 - 25 = 53 dBA

Step 9. Use Equation (2) to compute the L (h) for each lane and enter these values on
Line 19, Table 6-1.

Example: Segment A, W.B.

Leq (h) = 10 log [105-2 + 104-95 + 10 5.7] = 58 . 7 dBA

Step 10. Compute L (h) for each segment and record values on Line 22, Table 6-1.
In this particular problem, the acoustics contribution of Segment A (62 dBA) is 4 dBA
more than the contribution from Segment B. The total noise level heard by the observer
is:

Leq (h) = 10 1og[10 6 - 21 + lO 5 -* 1
] = 63.6 dBA

Note: Throughout this manual, values from the various figures will be read to the
nearest 0.5 dB. The dB addition was done on a calculator and it will be reported
to the nearest 0.1 dB.

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 6

Segment A Segment B

1. LANE NO./ROAD SEGMENT WB EB m
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 317 24 22 281 12 26 317 24 22 281 12 26

4. S(km/h> _ 76 _ - 76 _ - 75 - - 76 -
5. D(m) 60 64 60 64

6. 0, (degree*) Fig. 5 -90 -90
7. 02 (degree*) Fig. 5 90 +90

8. {%)Ei (dBA) Fig. 2 69. 80. 84.5 69. 80. 84.5 69. 80. 84.6 69 80. 84.5

9. 10 LOG {N,D /S,) (dB) Fig. 3 18. 7. 6.5 17.5 4. 7. 18. 7. 6.5 17.5 4. 7.

10a. 10 LOG <Do /0) (dBA) Fig. 4 -6 -6.5

10b. 15 LOG (D /D) (dBA) Fig. 4 -9. -9.5

11a. 10 LOG life (01, 02>/*) WBA) Fig. 6 -3 -3

11b. lOLOGI^/ito.fcjI/irHdBA) Fig. 7 -A. -4.

12. <pL (d«gra«j) Fig. 10

13. 0« (degree*) Fig. 10

14. 6b (metre*) Fig. 9

15. N Eq. 18

16. Aff(dBA) Appendix B

17. CONSTANT (dB) -26 -26 -26 -26 -26 -26 -25 -26 -26 -26 -26 -26 -26 -26 -26 -26 -25 -26

18. £«,(/>) (dBA) 53. 53. 57. 52. 49.5 57. 49. 49. 53. 48. 45.5 53.

19. £«,</>) (dBA) 59.5 58.7 56.5 54.7

20. A, (dBA) Fig. 8

21. Leaih) (dBA)

22. i„(/>) (dBA) e:LI L^ih)-
23. ND/S (m/km)

24. (il0-i«j)/(dB) Fig. 16

25. i 10 </>VWBA)

28. £ 10 (/>) (dBA)

27. £ 10 (/>) (dBA)

Table 6-1. Noise Prediction Worksheet
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Summary

L (/z)
;

- = (L )E reference energy mean emission level

(Figure 2 and line 8 of Table 1)

(
N

i
Do\

+10 log \—x—

I

traffic flow adjustment
^ '

' (Figure 3 and line 9 of Table 1)

(D \
10 log 1-jpr-

1

distance adjustment factor, hard site

(Figure 4 and line 10(a) or Table 1)+ <

D
15 log \~FfJ distance adjustment factor, soft site

(Figure 4 and line 10(b) of Table 1)

A0'

+ <

10 log (—

j

finite roadway adjustment, hard site

(Figure 6 and line 11(a) of Table 1)

10 log I =— ) finite roadway adjustment, soft site

(Figure 7 and line 11(b) of Table 1)

+A
S

shielding

-25 constant

Users of this manual can now predict the equivalent sound level produced by a class of vehicle

traveling at constant speed on a flat highway.

f. Shielding Adjustments to the Reference Levels

So far it has been shown that, as a minimum, the equivalent sound levels generated by a stream

of traffic decrease at the rate of 3 dBA/DD. This attenuation is accounted for explicitly in the

FHWA model when the site parameter is zero (a = 0). This phenomenon is illustrated in Figure 8(a).

It has also been discussed that in many situations ground effects can lead to an additional at-

tenuation of up to 1.5 dBA/DD. This only occurs when both the source and receiver are close to

the ground and the terrain between the observer and the roadway is relatively flat and soft [6,8].

As a result of this additional attenuation, the equivalent sound levels decrease at a rate of approxi-

mately 4.5 dBA/DD at soft sites. Excess attenuation is accounted for explicitly in the FHWA model

when the site parameter is one-half (a = 1/2). This is illustrated in Figure 8(b). Note that the atten-

uation rates shown in Figure 8(a) and Figure 8(b) are not additive— the user can only choose one,

based upon site conditions.

Attenuation due to temperature gradients, winds, and atmospheric absorption also occur but

these phenomenon are ignored in the FHWA method. Attenuation due to wind and temperature

gradients is ignored for two reasons—(1) atmospheric conditions vary widely from hour to hour and

from site to site and the (2) attenuation they provide is not permanent. Atmospheric absorption,

caused by water vapor, is not important in highway work because of the long distances sound must

travel before the attenuation from this mechanism becomes significant. Although atmospheric effects

are not important in prediction, they can be very important when making measurements.

Attenuation due to shielding is also an important mechanism by which highway sound levels

are lowered. Shielding occurs when the observer's view of a highway is obstructed or partially ob-

structed by an object or objects which significantly interfere with the propagation of the sound

waves. Shielding can be provided by dense woods, rows of buildings, and/or barriers.
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SITUATION ATTENUATION

3dBA/DD

(a)

4.5dBA/DD

(b)

(c)

5dBA for 1st 30m
5dBA for 2nd 30m
10dBA max

1st 3dB for 40-65% Area

ROW 5dB for 65-90% Area

1.5dBAfor EACH
ADDITIONAL ROW
10dBA max

(d)

ft
WALL20dBA max
BERM 23dBA max

Figure 8. Attenuation of Highway Traffic Noise

1. Dense Woods and Rows of Buildings [6, 11]

Enough information is known about dense woods and rows of buildings to account for the at-

tenuation they provide by simple rules of thumb. If the woods are very dense, i.e., there is no clear

line of sight between the observer and the source, and if the height of the trees extends at least 5 metres

above the line of sight, then 5 dBA attenuation is allowed if the woods have a depth of 30 metres.

An additional 5 dBA may be obtained if the depth of the woods extends for another 30 metres.

10 dBA is the maximum attenuation dense woods can provide. This is illustrated in Figure 8(c).
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The amount of attenuation provided by rows of buildings depends upon the actual length of

the row occupied by the buildings. 3 dBA is provided by the first row when the buildings occupy

40 to 65 percent of the length of the row and 5 dBA when the buildings occupy 65 to 90 percent

of the length of the row. No attenuation is allowed for rows of houses that occupy less than 40 per-

cent of the length of the row. 1.5 dBA additional attenuation is provided by each successive row
until a total attenuation of 10 dBA for all rows is obtained. This is the maximum attenuation that

this mechanism provides. This is illustrated in Figure 8(d).

The excess attenuation provided by ground effects is assumed to end when the sound waves

reach the dense woods or the first row of buildings. Thus the attenuation provided by dense woods
and rows of buildings is only additive to the attenuation provided by geometric spreading

(3 dBA/DD). In addition, the combined effects of dense woods and rows of buildings are only

additive until a maximum of 10 dBA attenuation is achieved. Thereafter the effects of additional

woods and rows of buildings is ignored [6].

2. Barriers

Barriers include such items as berms, walls, large buildings, hills, etc., that affect sound propaga-

tion by interrupting its propagation and creating an "acoustic shadow zone." The sound level is

lower in the shadow zone than in the respective free field. This is illustrated in Figure 8(e). In recent

years, the construction of noise barriers has become a fairly common method of abating highway

traffic noise. Although this section only addresses manmade barriers constructed specifically for

highway noise abatement, the principles are applicable to large buildings, hills, depressed sec-

tions, etc.

Barriers have been constructed of a variety of materials and in three basic shapes—earth

berms, freestanding walls, and combinations berm-walls. A few of the early barriers did not provide

the attenuation for which they were designed. Evaluation of these barriers has pointed out several

crucial features of noise barriers [ 7-9]

:

(1) The transmitted noise must be 10 dBA less than the diffracted noise.

(2) The barriers cannot have cracks in them.

(3) The barriers must be high enough to break the line-of-sight between the observer and

source and long enough to prevent noise leaks around the ends.

These problems may now be satisfactorily addressed by engineers. Two additional considera-

tions have recently emerged that must be addressed to ensure satisfactory barrier design [8]. It

appears that the shape of the barrier affects the amount of attenuation. Recent data suggests that

earth berms provide about 3 dBA more attenuation than freestanding walls. Although it is not clear

at this time why this is true, it probably has something to do with absorption or edge effects. The
second consideration requires the introduction of an expression familiar to acoustical engineers but

alien to highway engineers— field insertion loss (I.L.). Field insertion loss is simply the difference

in the noise levels at the same location before and after the barrier is constructed.

Field Insertion Loss(I.L.) = L (Before) - L (After) (14)

where

L represents L (h) or L l0 (h).

Thus three elements must be accounted for in barrier designs: barrier attenuation, barrier shape,

and field insertion loss.

( a) Barrier A ttenuation and Barrier Shape

The attenuation provided by a freestanding wall can be expressed as a function of the Fresnel

number, the barrier shape, and the barrier length in the following form (see Appendix B),
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'B, 10 log
>R <Pl

/ 10 10
d(j>

•Jrh

(15)

where

AB is the attenuation provided by the barrier for the /th class of vehicles.

<pR , 4>L are angles that establish the relationship (position) between the barrier and the

observer.

5(l + 0.6e)i + 20 log

\/2n\N \. cos0

tan s/2it\N \. cos0

N
t
< -0.1916 - 0.0635e

(-0.1916 -0.0635e) < N
t
<

*t=<
\/2-n{N ). cos0

5(l + 0.6e) + 20 log = < N
t
< 5.03

tanh yj2ir{N ). cos

20(l + 0.15e) N. > 5.03

where A,- is the point source attenuation for the /th class of vehicles.

N
t
=(JVo).cos0

e is a barrier shape parameter, for a freestanding wall and 1 for an earth berm.

N is the Fresnel number determined along the perpendicular line between the source

and receiver.

N is the Fresnel number of the /th class of vehicles determined along the perpendicular

line between the source and receiver.

Mathematically the Fresnel number, N , is defined as

5.

N„
\

(16)

where

i is the pathlength difference measured along the perpendicular line between the source

and receiver.

X is the wavelength of the sound radiated by the source.

The pathlength difference, 5 , is the difference between a perpendicular ray traveling directly to the

observer and a ray diffracted over the top of the barrier,

§o = A o B, a (17)

where the distances A , B , and C are the distances shown in Figure 9. Note that if the height of

the noise source or the observer changes, the pathlength difference will also change.

Highway traffic noise is broadband, i.e., contains energy in the frequency bands throughout

the audible range and the Fresnel number will vary according to the frequency chosen. However it

has been shown that the attenuation of the A-weighted sound pressure level of a typical car is almost

identical to the sound attenuation of the 550 Hertz band [10]. Based on this, it is generally assumed
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SOURCE BARRIER OBSERVER

Figure 9. Pathlength Difference, 5

that the effective radiating frequency of highway traffic noise for all classes of vehicles is 550 Hz.

Therefore, Equation (15) reduces to:

N = 2^) = 2 (-^) = 2 (^f^
2
)
= 3.21(5 ) metres. (18)

For barrier calculations only, the vehicle noise sources are assumed to be located at the follow-

ing positions:

(1) Automobiles — metres above the centerline of the lane.

(2) Medium Trucks — 0.7 metres above the centerline of the lane.

(3) Heavy Trucks — 2.44 metres above the centerline of the lane.

The above positions attempt to take into account and centralize the locations of the many individual

sources contributing to the overall noise radiated by medium and heavy trucks, i.e., tire, engine,

exhaust, etc.

For barriers of finite length, the attenuation provided by a barrier depends on how much of

the roadway is shielded from the observer. Thus, it is necessary to establish the angular relationship

between the roadway and the observer and between the barrier and the observer. The angular rela-

tionship between the roadway and the observer was discussed in Section 2(e) and illustrated in

Figure 5. The same procedure is used to establish the angular relationship between the barrier and

the observer, except that the angles which establish the end points of the barrier are identified as

$L and 4>R . This orientation assumes that the observer is facing the barrier. The angle measured

from the perpendicular to the left most end of the barrier is L . The angle measured from the

perpenducular to the right most end of the barrier is (pR . Angles measured to the left of the perpen-

dicular are negative and angles measured to the right of the perpendicular are positive. Only three

cases are possible and they are shown in Figure 10. The advantage of this procedure is that the ob-

server can now be located at any point and the attenuation provided by the barrier can be computed.

With knowledge ofN , <j>L , (j)R the integral in Equation (15) can be solved. This integral has

been numerically integrated for a range of values ofN =-0.2 toiV = 100, and is presented in ten

degree increments in Appendix B. The barrier attenuation values given in these tables are for free-

standing walls. When using the tables to determine the attenuation due to earth berms, add 3 dBA
to the values shown in the tables [8].

For infinitely long barriers, i.e., <pL
=-90° and (j)R = +90°, the attenuation provided by the

barrier can be read from Figure 11 for positive values of A^ . For negative values of Af
, see Figure 12.

Figures 11 and 12 are based on the tables in Appendix B using (pL = -90° and (pR = +90°.
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ROADWAY

OBSERVER

(1) CASE A

ROADWAY

OBSERVER

(2) CASE B

ROADWAY

OBSERVER

(3) CASE C

Figure 10. Angle Identification of Barriers
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PROBLEM 7

Refer to Figure 7-1. Compute the sound level at the observer under the following

conditions:

(a) No barrier (i.e., free field).

(b) Infinitely long concrete barrier.

(c) Infinitely long earth berm.

The barrier is 4 metres high and the terrain between the roadway and the observer is

paved (a = 0).

The observer height is 1.5 m.

INFINITELY LONG HIGHWAY

10m

WB

EB

3.66 m

3.66 m

60 m

OBSERVER

Figure 7-1. Highway Site Geometry for Problem 7

BARRIER

TRAFFIC DATA

Vehicle EB WB
Class Lane Lane

A 317 281
MT 24 12

HT 22 25

SOLUTION

This problem will be solved by using Table 1 as a computational guide.

PROBLEM 7(a)

Step 1. Refer to Table 7-1. Complete lines 1-4 from the data given in the problem

statement.

Step 2. Determine the perpendicular distances from the observer to the centerline of

the EB Lane (60 m) and the centerline of the WB Lane (64 m). Record these values on

Line 5, Table 7-1.

(Continued)
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PROBLEM 7 (Continued)

Step 3. Refer to Figure 5 and Figure 7-1 of the problem. ^> 1
= -90°,

2
= +90°.

Check A(p =
2
-

<f>x
= 90° - (-90°) = 180° OK

Record the values for (p± and 2 on Lines 6 and 7, Table 7-1.

Step 4. Refer to Figure 2 and determine the reference energy mean emission levels.

Record values on Line 8, Table 7-1.

Step 5. Refer to Figure 3 and determine the traffic flow adjustments to the reference

levels. Note D = 15 m, S = 75 km/h. Record these values on Line 9, Table 7-1.

Step 6. Refer to Table 2 and Figure 4 and compute the adjustments for distance. The
adjustments for distance are based on 10 log D /D (a. = 0). Record these values on
Line 10(a), Table 7-1.

Step 7 . Refer to Figure 6 and compute the finite length roadway adjustments. Since

a - 0, 02 = -90° and 2
= +90°, the adjustment is 0.

Step 8. Since there are no barriers in Problem 7 (a), Lines 12-16 are not applicable.

Compute L (h). for each class of vehicles and enter these values in Line 18, Table 7-1.

Example: EB Lane

Leq(h )A
= 69 + 18 - 6 - 25 = 56dBA

Leq (h)MT
= 80 + 7-6-25= 56 dBA

Leq(h )uT = 84 -5 + 6.5-6-25 60 dBA

Step 9. Use Equation (2), page 2 and compute Leq {h) for each lane and enter these

values on Line 19, Table 1.

Example: EB Lane

Leq (h) = 10 1og[1056 + 10 5 - 6 + 1060 ] = 62.5 dBA

Step 10. Compute L (h) and enter on Line 22, Table 1.

Leq {h) 10 log [10 6 - 25 + 10617 ] = 65.1 dBA

PROBLEM 7(b)

Step 1. Refer to Problem 7(a). The values shown in Table 7-1, Lines 1-11 are un-

changed.

Step 2. Refer to Figure 10. Since the problem statement indicated that the concrete

barrier was infinitely long (j)L = -90° and $R = +90°.

Record these values on Lines 12 and 13, Table 7-1.

(Continued)
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PROBLEM 7 (Continued)

Step 3. Since there are 3 classes of vehicles and 2 lanes, it is necessary to calculate

6 pathlength differences, 5 . These distances must be computed to the nearest 1/100

of a metre. See Figure 7-2 and Figure 7-3.

EASTBOUND

C_ OF EB
LANE

uHT X 2.44m

I

MT K .70m

A 4

4.m

I

11.83m
•<

48.17
*--<-

60m

Figure 7-2. Barrier Geometry Used to Calculate Pathlength Differences

(Eastbound Lanes)

1.5m

bA = y(11.83)
2

+ (4)
2

+ >/(4-1.5)
2

+ (48. 17)
2 - V^O) 2

+ (1.5)
2

= 0.70 m

5MT = \/(11.83)
2

+ (4.-.7)
2

+ x/(4-1.5)
2

+ (48. 17)
2

x/(60)
2 + (1.5-.7)

2

= .51 m

5 HT = y(11.83)
2

+ (4-2.44)
2

+ v/(4-1.5)
2

+ (48. 17)
2 - >/(60)

2
+ (2. 44-1. 5)

2

= .16 m.

(Continued)
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PROBLEM 7 (Continued)

£ OF WB
LANE

HT X 2.44m

WESTBOUND

MTP
4m.

Oj
15.49m 48.17m

63.66m

1.5m

Figure 7-3. Barrier Geometry Used to Calculate Pathlength Differences

(Westbound Lanes)

5 4 - V/(15.49)
2 + (4)

2 + >/(48.17)
2 + (4-1.5)

2 - ^(63.66)2 + (1.5)
2

= .56 m

5MT = y/(15A9) 2 + (4-.7)
2 + \/(48.17)

2 + (4-1. 5)
2 - ^(63.66)2 + (1.5-.7)

2

= .41 m

5 HT = </(15.49) 2 + (4-2.44)
2 + N/(48.17)

2 + (4-1.5)
2 - >/(63.66)

2 + (2.44-1.5)
2

= .14 m

Record the pathlength difference on Line 14, Table 7-1.

Step 4. Use Equation (18) and compute the Fresnel Number, N , for each pathlength

difference. Record these values on Line 15, Table 7-1.

(N )A

(No)MT

EB

3.21 (.70)

3.21 (.51)

3.21 (.16)

2.25

1.64

.51

(N )A

(No )MT

' o/jjt

WB

3.21 (.56) - 1.80

3.21 (.41) = 1.32

3.21 (.14) = .45

Step 5. Using the data shown in Lines 12-15, Table 7-1, turn to the barrier tables in

Appendix B. Use N to select the proper table. Locate <f)L in the left hand column and
read horizontally to the right to the proper 4>R column. The value shown in the <pR
column is the barrier attenuation, AB . U N falls between two tables, the correct AB
can be obtained by linear interpretation.

(Continued)
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PROBLEM 7 (Continued)

EXAMPLE

L = -90°
4>R = +90° N (EB) 2.25 AB = ?

1.0 <

r 2.0

2.25

3.0

.25

^-12.3

•1.3 V

-13.6

.25 x

1.0 -1.3
x = -.3

therefore AB (N = 2.25) = -12.4 + (-.3) = -12.7 dB

No_

2.25

1.64

.51

1.80

1.32

.45

A

Record these values on Line 16, Table 1.

Step 6. Comp
18, Table 7-1.

B

12.6

11.6

-8.6

11.9

11.

-8.2

Step 6. Compute the Le (h). for each class of vehicles, and enter these values on Line

EXAMPLE: EB LANE

Leq (h)A 69 + 18 - 6 - 12.6 25 43.4 dBA

Step 7. Use Equation (2) and compute L (h) for each lane and enter these values on
Line 19, Table 7-1.

EXAMPLE: EB LANE

Leq (h) = 10 log [104 - 34 + 10 4 - 44 + 10515 ] = 52.8 dBA

Step 8. Compute the noise level at the observer and enter this value on Line 22, Table 1.

Leq (h) = 10 1og[10 5 - 28 + 10 5 - 26
] = 55.7 dBA

(Continued)
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PROBLEM 7 (Continued)

PROBLEM 7(c)

Step 1. Problem 7(c) is identical to Problem 7(b) with the exception that the barrier is

now an earth berm rather than a concrete wall. Consequently 3 dB additional attenua-

tion must be added to the values given in the barrier tables in Appendix B. The noise

level at the observer is given in Table 7-1.

NAME PRO.IFCTDFSCRIPTION PROBLEM 7

DATE
e Field(a) Fr« (b) Concrete Barrier (c) Earth Berm

1. LANE NO./ROAD SEGMENT EB WB EB WB EB WB
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 317 24 22 281 12 25 317 24 22 281 12 25 317 24 22 281 12 25

4.

5.

S(km/h) - 75 - - 75 - - 75 - - 75 - - 75 - - 75 -

D(m) 60 64 60 64 60 64

6. 0, (degrees) Fig. 5 -90 -90 -90 -90 -90 -90

7. 02(degrees) Fig. 5 +90 +90 +90 +90 +90 +90

8. m)Ej (dBA) Fig. 2 69. 80. 84,5 69. 80. 84.5 69. 80. 84.5 69. 80. 84.5 69. 80. 84.5 69. 80. 84.5

9. 10 LOG (NjD ISj) (dB) Fig. 3 18. 7. 6.5 17.5 4. 7. 18. 7. 6.5 T7.5 4. 7. 18. 7. 6.5 17.5 4. 7.

10a. 10 LOG (D /D) (dBA) Fig. 4 -6. -6.5 -6. -6.5 -6 -6.5

10b. 15 LOG (D ID) (dBA) Fig. 4

11a. 10 LOG (1/4,(0,, (fc )/7T) (dBA) Fig. 6 0.

lib. 10LOG (i// l/2 (01 ,02 )/7r) (dBA) Fig. 7

12. 4>l_ (degrees) Fig. 10 -90 -90 -90 -90

13. 0« (degrees) Fig. 10 +90 +90 +90 +90

14. 5 (metres) Fig. 9 .70 .51 .16 .56 .41 .14 .70 .51 .16 .56 .41 .14

15. N Eq. 18 2.25 1.64 .51 1.80 1.32 .45 2.25 1.64 .51 1.80 1.32 .45

16. As (dBA) Appendix B -12.6 -11.6 -8:5 -119 -11. -8.3 -15.6 -14.6 -11.5 -14.9 -14. -11.3

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. Leqih) (dBA) 56. 56. 60. 55. 52.5 60. 43.4 44.4 51.5 43.1 41.5 51.7 40.4 41.4 48.5 40.1 38.5 48.7

19. /.«,(/)) (dBA) 62.5 61.7 52.8 52.6 49.8 49.6

20. As (dBA) Fig. 8

21. /.«,(/)) (dBA)

22. £«,(/)) (dBA) 65.1 55.7 52.7

23. ND/S (m/km)

24.

25.

Ul0-£«,)/(dB> Fig. 15

L, (H(dBA)

26. L w (h) (dBA)

27. L w {h) (dBA)

Table 7-1. Noise Prediction Worksheet

Users of this manual may have noted what appears to be a paradox in the attenuation values

shown in the tables in Appendix B. For example, for Af = 2.00, (pL = -90° and <j)R = 90°, the

attenuation is shown as -13.7 dB. If the barrier is shortened to (pL = -50° and 0^ = 40°, the

attenuation is shown as -17.2 dB. It appears that the shorter barrier provides 3.5 dB more attenua-

tion than the longer barrier. Clearly this is impossible! The explanation for this lies in the way these

tables were prepared. The attenuation values shown in the tables are only applied to the portion of

the roadway shielded by the barrier. This means that all roadways involving barriers of finite length

must be broken down into segments. One of these segments must be shielded by the barrier. Account
must then be taken of the traffic noise that comes around the ends of the barrier. This is illustrated

in problem 8.
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PROBLEM 8

Refer to Problem 7 and Figure 8-1. What is the sound level at the observer if the con-

crete barrier of Problem 7 extended from 4>L = -20° to 4>R = +70°?

SEGMENT A SEGMENT B <-->- SEGMENT C

-> EB

NOT TO SCALE

OBSERVER

Figure 8-1. Highway Site Geometry for Problem 8

SOLUTION

The solution of this problem requires that the highway be broken down into three

segments:

Segment A 0! = -90°,
2

= -20°

Segment B
X

= -20°,
2

= +70°

Segment C <t> x
= +70°,

2
= +90°.

Step 1. Identify the road segment on Line 1, Table 8-1, and complete Lines 6 and 7

based on Figure 8-1.

Step 2. Lines 2, 3, 4, 5, 8, 9, and 10(a) are identical to these shown in Problem 7(a).

Complete these lines.

SEGMENT A

Step 1. Compute the finite length roadway adjustment for Segment A.

lOlog(A0/18O°) = 10 1og(70°/180°) = -4dB. Enter this value on Line 11(a),

Table 8-1.

Step 2. Complete the remainder of Table 8-1 for Segment A.

(Continued)
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PROBLEM 8 (Continued)

SEGMENT B

Step 1. Compute the finite length roadway adjustment for Segment B. 10 log

(A0/18O°) = 10 log (90°/180°) = -3dB . Enter this value on Line 11(a), Table 8-1.

Step 2. The problem indicates that a barrier extended from (j)L = -20° to (pR = +70 c

Enter these values on Lines 12 and 13, Table 8-1.

Step 3. The pathlength differences and the Fresnel numbers are identical to those

computed in Problem 7(b). Record these values.

Step 4. Refer to Appendix B and determine the barrier attenuations. (pL = -20°,

4>R = +70°.

EXAMPLE

Nr \B

>--1.7

.25

1 1.7

AB (N = 2.25) = -14.8 + (-.4) = -15.2 dB .

Record the barrier attenuations on Line 16, Table 8-1.

Step 5. Complete the remaining applicable items under Segment B and calculate the

energy contribution from Segment B.

SEGMENT C

Step 1. Compute the finite length roadway adjustment: 10 log (20°/180°) = -9.5 dB.

Step 2. Complete the remainding applicable items under Segment C.

Step 3. Compute the hourly equivalent sound level at the observer.

L pAh) = 10 1og[10611 + 10514 + 10 5 - 56
] = 62.5 dBA.

try

The above result is not surprising. The barrier shielded 1/2 of the roadway. Conse-

quently, if the barrier had eliminated all of the energy coming from Segment B, the

traffic noise from the highway would have been reduced by 3 dB. The actual reduction

was 65.1 - 62.5 = 2.6 dBA.
(Continued)
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PROBLEM 8 (Continued)

One might ask could this problem have been solved by computing the sound level from

the infinite roadway (<j) 1
= -90°, <p2

= +90°) and subtracting from it the barrier reduc-

tion provided by the finite barrier (<j>L = -20°, <pR = +70°). The answer is no. The

barrier reductions shown in the tables in Appendix B are to be applied to the sound level

from the shielded highway segment.

NAME.
DATE

PROJECT DESCRIPTION .

SEGMENT A SEGMENT B SEGMENT C

1. LANE NO./ROAD SEGMENT EB WB EB WB EB WB

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 317 24 22 281 12 26 317 24 22 281 12 25 317 24 22 281 12 26

4. S(km/h) - 76 - - 76 - - 76 - - 76 - - 75 - - 76 -

5. D(m) 60. 64. 60. 64. 60. 64.

6. 0-1 (degrees) Fig. 5 -90 -90 -20 -20 +70 +70

7. 02 (degrees) Fig. 5 -20 -20 +70 +70 +90 +90

8. (Q)Ei (dBA) Fig. 2 69. 80. 84.5 69. 80. 84.6 69. 80. 84.6 69. 80. 84.5 69. 80. 84.5 69. 80. 84.5

9. 10 LOG (NjDolSj) (dB) Fig. 3 18. 7. 6.5 17.6 4. 7. 18 7. 6.5 17.5 4. 7. 18. 7. 6.5 17.5 4. 7.

10a. 10 LOG (0 /D) (dBA) Fig. 4 -6. -6.5 -6. -6.5 -6. -6.5

10b. 15 LOG (D /Di (dBAI Fig. 4

11a. 1OLOG(^(0 1 ,02 )/7T) (dBA) Fig. 6 -4. -4. -3. -3. -9.5 -9.5

lib. 1OLOG(^ 1/2 (01 .02 )/7r)(dBA) Fig. 7

12. 4>l_ (degrees) Fig. 10

13. fl (degrees) Fig. 10

14. $, (metres) Fig. 9 .70 .51 .16 .66 .41 .14

15. N Eq. 18 2.26 1.64 .51 1.80 1.32 .46

16. Ag (dBA) Appendix B -15.2 -13.8 -9.6 -14.3 -129 -9.3

17. CONSTANT (dB) ' -25
.

-25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 25 -25

18. £«,</>) (dBA) 62. 52. 66. 61. 48.5 56. 37.8 39.2 47.4 37.7
f

36.6 47.7 46.5 46.5 50.5 45.5 43 50 5

19. i*,(/>)(dBA) 68.5 67.7 48.4 48.4 53. 52.2

20. A, (dBA) Fig. 8

21. L^ih) (dBA)

22. L^W (dBA) Fig. 14 61.1 51.4 56.6

23. ND/S (m/km)

24. U-10-W, (dB) Fig. 15

25. i 10 (/>)/(dBA) TOTAL Ljoth) -62.5

26. i 10 </>> (dBA)
1

27. i 10 (/)> (dBA)

Table 8-1. Noise Prediction Worksheet

(b ) Field Insertion Loss

As indicated in the previous section, our real interest lies in what happens to the noise levels

when a barrier is constructed between the highway and an observer. As with the distance adjustment

and the finite length adjustment, ground effects must be taken into account [9].

Consider the situation where the ground between the highway and the observer is reflective,

i.e., a = 0. This situation is illustrated in Figure 13(a). Table 2 indicates that under these general

HT

a = o

(a) Without the Barrier

a = o

(b) With the Barrier

Figure 13. Effect of Constructing a Barrier When a =
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circumstances the drop-off rate is 3 dB/DD (Rule 3(a)). When a barrier is constructed between the

highway and the observer, the top of the barrier "appears" to be the noise source to the observer.

This situation is shown in Figure 13(b). Again Table 2 indicates that the drop-off rate is 3 dB/DD
(Rule 2).

The situation described above occurred in problems 7 and 8. Partial results of these problems

are shown in Table 3.

Table 3. Before and After Sound Levels from

Problems 7 and 8 (a = 0)

Situation
Problem 7

Infinite Barrier

Problem 8

Finite Barrier

L
e

(h), Before Barrier

L„n {h), After Barrier

Net Reduction (I.L.)

65.1 dBA

55.7 dBA

9.4 dBA

65.1 dBA

62.5 dBA

2.6 dBA

These values indicate that the net reduction in sound level of building the infinite barrier is

9.4 dBA (65.1-55.7) and the net reduction in sound level of building the finite barrier is 2.6 dBA
(65.1-62.5). This net reduction is often erroneously called barrier attenuation. Its proper name is

field insertion loss (I.L.).

I.L. = L (Before) - L (After) dB. (19)

In the past it was assumed that the difference between the before and after conditions could

be attributed solely to barrier attenuation. It has recently been pointed out that this is only true

for hard sites [8].

It was shown earlier that when the ground between the highway and the observer is absorptive,

a = 1/2, ground effects can provide an additional attenuation of 1.5 dBA/DD when both the source

and receiver are close to the ground. In this situation the drop-off rate in Figure 14(a) would be

4.5 dB/DD. When a barrier is constructed between the highway and the observer, the top of the

barrier again "appears" to be the noise source to the observer. This is illustrated in Figure 14(b).

a = 1/2

(a) Without the Barrier

a = o

(b) With the Barrier

Figure 14. Effect of Constructing a Barrier When a = 1/2
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Again Table 2 indicates that the drop-off rate is 3 dB/DD (Rule 2). The 1.5 dB/DD excess attenua-

tion has been lost. Thus a 60 metre band of grass could provide an excess attenuation of 3 dBA
(5 log (15/60)). Constructing the barrier effectively raises the source height and the ground effect

is lost. Consequently, if the barrier attenuation was 9 dBA, the observer at 60 metres would measure
a field insertion loss of only 6 dBA (9-3).

Intuitively one would expect this phenomenon to occur only when the observer was relatively

close to the barrier. As the observer moves away from the barrier, it would appear that ground

effects would occur at some point. Unfortunately there is no measured data which can be used to

locate this point. Consequently, it is recommended at this time that users assume that the 1.5 dBA/DD
is lost for all observer locations.

PROBLEM 9

Refer to Problems 7(a) and 7(b). Compute the field insertion loss (I.L.) provided by

the concrete barrier assuming that the terrain between the highway and the observer is

covered with grass, i.e., a. = 1/2.

FREE FIELD

SOLUTION

Step 1. The values shown in Lines 1 through 9, Table 7-1, for Problem 7(a) will remain

unchanged for this problem. Enter these values onto Table 9-1.

Step 2. Since the drop-off rate is now based on 15 log (15/D), compute the distance

adjustment factors and enter these values on Line 10(b), Table 9-1.

Step 3. Refer to Figure 7. When (j) 1
= -90°,

2
= +90°, there is an adjustment of

-1.2 dB for infinitely long roadways. Record this value on Line 11(b), Table 9-1.

Step 4. Complete the remainder of Table 9-1 for the Free Field situation and compute

the sound level at the observer.

CONCRETE BARRIER

Step 1. Since the "apparent" noise source is now at a height of 4 metres, the site should

be treated as a hard site (Table 2). The values shown for Problem 7 (b), Table 7-1 re-

main unchanged.

Step 2. The field insertion loss is given by Equation (19).

I.L. = Leq (h) Before -Leq {h) After

I.L. = 61.1 - 55.7 = 5.4 dBA.

(Continued)
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PROBLEM 9 (Continued)

*
NAME.
DATE

PROJECT DESCRIPTION

( l) FREE FIELD (bl CONCRETE BARRIER

1. LANE NO./ROAD SEGMENT EB we EB WB
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 317 24 22 281 12 26 317 24 22 281 12 26

4. S|km/h> - 76 - - 76 - - 76 - - 76 - -

5 D(m) 60 64 60 64

6. 0, (degrees) Fig. 5 -90 -80 -90 -90

7. 02 (degrees) Fig. 5 440 +90 +90 +90

8. (Z7)£, (dBA) Fig. 2 69. 80. 84.6 69. 80. 84.6 69. 80. 84.5 69. 80. 84.5
I

I

9. 10 LOG MD /Sj) (dB) Fig. 3 18. 7. 6.6 17.6 4. 7. 18. 7. 6.6 17.5 4. 7.
I

10a. 10 LOG (D„/D) (dBA) Fig. 4 -6. -6.6

10b. 15 LOG (D /D) (dBA) Fig. 4 -9. -9.6

11a. 10 LOG < i/feltf,. & )/7T) (dBA) Fig. 6 0. 0.

11b. 1OLOG(i/( 1/2(01 ,02)/ir)(dBA) Fig. 7 -1. -1.

12. <Pi_ (degrees) Fig. 10

13. 0/? (degrees) Fig. 10

14. Oo (metres) Fig. 9 .70 .61 .16 .66 .41 .14

15. N Eq. 18 2.25 1.64 .51 1.80 132 .46

16. AB (dBA) Appendix B -12.7 -11.6 -8.6 -11.9 -11. -8.3

17. CONSTANT (dB) -26 -25 -25 -25 -25 -25 -26 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. L^W (dBA) 62. 62. 56 61. 48.5 66. 43.3 44.4 61.5 43.1 41.5 51.7

19. i*, (ft) (dBA) 68.6 67.7 62.8 52.8

20. A, (dBA) Fig. 8

21. £„</)) (dBA)

22. /.«,(/>) (dBA) 61.1 65.7

23. ND/S (m/km)

24 lilO-i*,)/(dB) Fig. 15

25. Ly QWi (dBA)

26. Z. 10 (/»(dBA)

27. Z. 10 (/i)(dBA) t
Table 9-1. Noise Prediction Worksheet

t
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PROBLEM 10

Refer to Problem 8. What is the sound level at the observer if the site is soft (a = 1/2)?

What is the field insertion loss?

SOLUTION

Computation of the field insertion loss requires knowledge of the sound levels before

and after the barrier is built. The free field sound level at the observer before the

barrier is built is 61.1 dBA (Problem 9).

Determination of the sound level after the barrier is built requires that the roadway be

broken down into three segments.

Segment A (j> 1
= -90°,

2
= -20°

Segment B
a

= -20°, </> 2
= +70°

Segment C 4> 1
= +70°,

2
= +90°.

The values shown in Lines 1-9, Table 10-1 are identical to the values shown in Lines

1-9, Table 8-1.

SEGMENT A

Step 1. Since Segment A is unshielded, the site parameter (<x = 1/2) remains unchanged
when the barrier is erected. Use Figure 4 to determine the distance adjustment and
record it on Line 10(b), Table 10-1.

Step 2. Use Figure 7 to compute the finite length roadway adjustment. Record this

value on Line 11(b), Table 10-1.

Step 3. Complete the remainder of Table 10-1 for Segment A.

SEGMENT B

The barrier changes the site parameter from that of a soft site (oe = 1/2) to that of a

hard site. Consequently, the values shown in Table 10-1 for Segment B are identical

to those shown in Table 8-1.

SEGMENT C

Step 1. Since Segment C is unshielded, the site parameter (a = 1/2) remains unchanged
when the barrier is constructed. Use Figure 4 to determine the distance adjustment.

Record this value in Line 10(b), Table 10-1.

(Continued)
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PROBLEM 10 (Continued)

Step 2. Use Figure 7 to determine the finite length roadway adjustment. Record this

value on Line 11(b), Table 10-1.

Step 3. Complete the remainder of Table 10-1 for Segment C.

Step 4. Use Equation (2) to compute the total equivalent sound level.

*

Leq (h) 10 log [10 5 - 66 + 10514 + 1048 - 6
] = 58.2 dBA.

Step 5.

I.L. = Leq (h) Before - Leq (h) After

= 61.1 - 58.2 = 2.9 dBA.

NAME
DATE

PROJECT DESCRIPTION PROBLEM 10

SEGMENT A SEGMENT 6 SEGMENT C

1. LANE NO./ROAO SEGMENT m m IB WB EB m
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A ^ MT HT A MT HT A MT HT

3. N(vpn) SI? 24 22 act 12 26 317 24 22 2f1 12 29 317 24 22 291 12 29

4. S(km/h) - 7* - - 79 - - 79 - 79 - - 79 - - 79 -

5. D(m) •0 M 60 94 90 94

6. ^(degrees) Fig. 5 90 -90 -20 -20 70 +70

7. ^(degraei) Fig. 5 -ao -» 70 +70 90 +90

8. (Z7)£/ (dBA) Fig. 2 08. 80. 84.6 69. 80. 84.6 69. 80. 84.6 69. 80. 84.6 69. 80. 84.5 69. 80. 84.5

9 10 LOG {N,D IS,) (dB) Fig. 3 18. 7. 6.6 17.6 4. 7. 18. 7. 6.6 17.6 4. 7. 18. 7. 6.6 17.6 4. 7.

10* 10 LOG <Do /0) (dBA) Fig. 4 -6. -6.6

10b. 16 LOG (Do ID) (dBA) Fig. 4 -8. -9.6 -9. -9.6

11*. 10LOG <&(£,. 02»/ir) (dBA) Fig. 6 -3. -3.

11b. 1OLOG(vt 1/2 (0,.02)/») (dBA) Fig. 7 -6.6 -6.6 -13.6 -13.6

12.
<t>i_

(degree*) Fig. 10 -20 -20

13. <t>fi (degrees) Fig. 10 70 +70

14. q„ (metres) Fig. 9 .70 .61 .16 .66 .41 .14

16. N„ Eq. 18 2.26 1.64 .61 130 1.32 .46

16. A
fi
(dBA) Appendix B -16.2 -13.8 -9.6 -14.3 -12.9 -9.3

17. CONSTANT (dB) -26 -26 -26 -25 -26 -26 -26 -25 -26 -26 -25 -25 -25 -26 -25 -25 -25 -26

18. L*,<h) (dBA) 47.6 47.6 61.6 466 44. 61.6 37.8 39.2 47.4 37.7 36.6 47.7 39.6 39.6 43.6 38.6 36. 43.5

19. U, (/>> (dBA) 64. 63.2 48.4 48.4 46. 46.2

20 A, (dBA) Fig. 8

21 /..,(/)) (dBA)

22 *.„(/>) (dBA) 56.6 61.4 48.6

23. ND/S (m/km)

24. U 10 L„), (dBI Fig. 15

2B. /.,<,</>), (dBA)

28 L, (h) (dBA) TOTAL L^qlh) -58.2

27. L, (/>) (dBA)

t

Table 10-1. Noise Prediction Worksheet

t
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Partial results of Problems 9 and 10 are shown in Table 4.

Table 4. Before and After Sound Levels from

Problems 9 and 10 (a = 1/2)

Situation
Problem 9

Infinite Barrier

Problem 10

Finite Barrier

Leq (h), Before Barrier

Leq (h), After Barrier

Net Reduction (I.L.)

61.1 dBA

55.7 dBA

5.4 dBA

61.1 dBA

58.2 dBA

2.9 dBA

Table 3 and Table 4 show the sound levels that would result in similar situations where only

the site parameter varied. The values in Table 4 indicate that the I.L. provided by the infinite barrier

was 5.4 dBA (61.1-55.7) when a: = 1/2. Table 3 indicated that the I.L. provided by the infinite

barrier was 9.4 dBA when a. = 0. The loss of ground effects accounts for a difference 4 dBA
(9.4-5.4).

Summary

Leq (h) t
(Loh

+10 log
N:D,

+ <

+ <

10 log

15 log

10 log

10 log

Do
D

£o
D

IT

01/2(^1' 02)

25

reference energy mean emission level

(Figure 2 and line 8 of Table 1)

traffic flow adjustment

(Figure 3 and line 9 of Table 1)

distance adjustment factor, hard site

(Figure 4 and line 10(a) of Table 1)

distance adjustment factor, soft site

(Figure 4 and line 10(b) of Table 1)

finite roadway adjustment, hard site

(Figure 6 and line 11(a) of Table 1)

finite roadway adjustment, soft site

(Figure 7 and line 11(b) of Table 1)

shielding

constant

53



Users of this manual can now predict the equivalent sound level produced by a class of vehicles

traveling at constant speed at a shielded or unshielded observer.

g. Leq (h) to L 10 (h) Conversion

Figure 15 is used to convert the L
e (h)j to L 10 (/2)

(

- for each vehicle group (A, MT, and HT).

After the conversion is made, the sound level for each class is added (on an energy basis) to obtain

the L 10 (h) (see Equation (3)).

The mathematical development of the equations on which Figure 15 is based is contained in

Appendix F, NCHRP Report 173 [5]. As with other predictive models, theLeq (ft); - L 10 (h) t
con-

version is based on the ND/S ratio (Parameter A in the NCHRP Reports 117 and 173). Figure 15 is

based on the assumption that the sources— i.e., the vehicles in a particular group—have equal power

and are equally spaced. These conditions lead to conservative values for L 10 (h).

The question immediately arises on the accuracy of Figure 15. To answer this question it is

necessary to break the figure down into two parts and talk about low volume roadways and high

volume roadways.

•

™ 5

•10 -

a = 0.0 —•->* >

/
a = 0.5

/* w

: / /
g

K J

1 1 1 1 1 1 1 1 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i

1
U

4 5 6 7 89 4 5 6 7 8 9

102
4 5 6 7 89

104
4 5 6 7 89

t

km
(SOURCE: NCHRP REPORT NO. 173)

Figure 15. Adjustment Factor for Converting L e (h). to Z. 10 (h).

1. Low Volumes Roadways

Low volume roadways pose special problems. Past experience has shown that the difference

between the measured level and the predicted level is often quite large on low volumes roadways.

There are several reasons for this:

(1) The noise emission levels used in the predictive models are based on large sample

populations— i.e., the reference energy mean emission levels are average values. On
low volume roadways, where there are only a few vehicles of a particular group,

large deviations may exist between the average values used in the model and the

actual levels of the vehicles using the roadway. The FHWA model will not solve this

problem. One way to know that problem 1 exists is to monitor the noise emission

levels of the vehicles during the measurements to see if they conform to the average.
t
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(2) Predictive methods, such as the NCHRP 117/144 method, which predict the noise

levels in terms of a statistical descriptor, assume that the vehicles are evenly spaced

on the roadway. The FHWA model solves this problem as long as the L
e (h) is the

noise descriptor. The Leq (h) is a measure of the average energy and depends only on

the number of vehicles passing the observer—not on the vehicle spacing.

(3) There is no assurance that the measured sound levels on low volume roadways are

representative of the average condition on which the predictions are made. Figures 16

and 17 provide some insights into this area. During the 4-State Noise Inventory,

continuous 50-minute noise levels were recorded on magnetic tape. In subsequent

analyses of this data, the 50-minute samples were divided into five 10-minute sam-

ples. The average of the 10-minute samples were then compared with the 50-minute

sample. The results of this analyses are shown in Figures 16 and 17.

Each point on these figures represents an average difference between one 50-minute

sample and the averaging of the five 10-minute samples. Thus, it is quite clear that

when ND/S is less than 40 m/km, the variability between the 10-minute samples and

the 50-minute sample increases. The graph also suggests that the dividing line be-

tween low volume roadways and high volume roads occurs at a ND/S value between

40 and 80 m/km.

In terms of an L {h) to L 10 (h) conversion factor, the conversion factor would

change for each 10-minute sample. Indeed there would be a separate value for each

class of vehicles. To avoid all of these difficulties, it is recommended that when the

ND/S ratio is less than 40 m/km, noise predictions be made in terms of the L (h).

If this is not possible, Figure 15 can be used with the assurance that theL 10 (/2) will

be conservative [5].

.
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Figure 17. Data Sampling Comparison Z. 10

Composite all sites, all states) t

2. High Volumes Roadways

Once the ND/S ratio is greater than 40 m/km the three problems discussed under low volume
roadways are greatly reduced. Since there are now larger numbers of vehicles during the measure-

ment period, the individual noise emission level becomes less critical and the overall effect is that

the average values are approximated. The spacing of vehicles tends to become even, and the 10-

minute measurement times become representative of the hourly volumes. Thus that portion of

Figure 15 above ND/S of 40 m/km should be quite reasonable. The figure also suggests that as

ND/S increases the difference between the L(h) and L 10 (h) approaches zero.

t
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PROBLEM 11

The data from Problem 7(a) is reproduced on Table 11-1. Compute the L10 (h).

SOLUTION

Step 1. Compute ND/S for each vehicle class on the EB and WB Lanes. D in this

equation is the perpendicular distance from the observer to the centerline of the EB
or WB Lane (Line 5). Record these values on Line 23, Table 11-1.

Step 2. Using the values obtained, shown on Line 23, use Figure 15 to determine the

(L10
- Leq ) adjustment factors (a = 0). Record these values on Line 24, Table 11-1.

Step 3. Compute the L 10 (h) f
for each vehicle group. (Line 18 plus Line 24).

Step 4. Use Equation (3) and compute the L 10 (h) for each lane.

Step 5. Use Equation (3) and compute the L 10 (h) heard by the observer.

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 11

1. LANE NO./ROAD SEGMENT EB WB
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 317 24 22 281 12 25

4. S(km/h) - 75 - - 75 -

5. D(m) 60. 64.

6.
<(>i

(degrees) Fig. 5

7. 02 (degrees) Fig. 5

8. (CT)£, (dBA) Fig. 2

9. 10 LOG WiDo/Sj) (dB) Fig. 3

10a. 10 LOG (D /D) (dBA) Fig. 4

10b. 15 LOG (0 /D) (dBA) Fig. 4

11a. 10 LOG <i/b(0i ,02)/7T) (dBA) Fig. 6

11b. 1OLOG<i/> 1/2 (0i.<k>>/ir)<dBA) Fig. 7

12. (j>L (degrees) Fig. 10

13. <pn (degrees) Fig. 10

14.
5fc,

(metres) Fig. 9

15. N Eq. 18

16. Ag(dBA) Appendix B

17. CONSTANT (d8) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. Leqih) (dBA) 56 56 60 55 52.5 60

19. Leq (/>) (dBA)

20. As (dBA) Fig. 8

21. /.«,(/)) (dBA)

22. *.«,(/!) (dBA)

23. ND/S (m/km) 254 19 18 240 10 21

24. U-10-W/ (dB) F '9- 1 5 3.0 2.5 2.5 3.0 1 1.0 2.5

25. /-1 (/)),(dBA) 59 58.5 62.5 58 53.5 625

26. £ 10 (/>) (dBA) 65.2 64.2

27. L, (h) (dBA) 67.7

Table 11-1. Noise Prediction Worksheet
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Summary

Leq (h)j = (L )E reference energy mean emission level

(Figure 2 and line 8 of Table 1)

traffic flow adjustment

(Figure 3 and line 9 of Table 1)

(N
i
Dc

+10 log (—^—
)

traffic flow adjustment

f
lD

+ <

10 log \—ftJ distance adjustment factor, hard site

(Figure 4 and line 10(a) of Table 1)

+ <

D
15 log [~frj distance adjustment factor, soft site

(Figure 4 and line 10(b) of Table 1)

10 log [-^-) finite roadway adjustment, hard site

(Figure 6 and line 11(a) of Table 1)

'01/2(01) 02)
i

10 log I J finite roadway adjustment, soft site

(Figure 7 and line 11(b) of Table 1)

+AS shielding

-25 constant

Users of this manual can now predict the L(h) or theL 10 (^) produced by a class of vehicles

traveling at constant speed.
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3.0 EQUIVALENT-LANE DISTANCE

a. Introduction

D was defined on page 1 as the perpendicular distance from the observer to the centerline of a

traffic lane. The sample problems given so far have all dealt with two-lane highways. D, in these

problems, has represented the distance from the observer to the centerline of the eastbound or near

lane. D has also represented the distance from the observer to the centerline of the westbound or

far lane. As the number of traffic lanes increases, computation of the noise levels on a lane-by-lane

basis becomes very tedious. It has become a fairly common practice to lump the traffic without

change in speed or operations on an imaginary single lane which will provide approximately the same

acoustical results as an analysis done on a lane-by-lane basis [5].

This imaginary single lane is located at a distance from the observer called the single-lane

equivalent distance, DE .

b. Computation of the Single-Lane Equivalent Distance

In the free field the single-lane equivalent distance is computed as

DE = V(DN )(DF ) (20)

where

DN is the perpendicular distance from the observer to the centerline of the near lane.

DF is the perpendicular distance from the observer to the centerline of the far lane.

These distances are illustrated in Figure 18(a).

When a barrier is present, the single-lane equivalent distance is computed as

DE = s/D^D; + X (21)

where

DN is the perpendicular distance from the barrier to the centerline of the near lane.

DF is the perpendicular distance from the barrier to the centerline of the far lane.

X is the perpendicular distance from the observer to the barrier.

These distances are illustrated in Figure 18(b).

Care should be used when using equivalent lane distance, particularly in situations where:

(1) Barriers are involved.

(2) Wide medians are present.

(3) The directional distribution is not 50-50.

(4) When the observer is located within 15 metres of the centerline of the near lane.

In problems involving more than 2 lanes, the use of a equivalent lane for each directional traffic

flow will eliminate any appreciable error introduced by wide medians or directional unbalance of

flow.
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(a)
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6
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(b)

Figure 18. Equivalent Lane Distances
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PROBLEM 12

A typical highway scenario is shown in the sketch below. Compute the equivalent lane

distances with and without the barrier.

I I I I Z3
L!=J

4 @ 3.66m

Figure 12-1

20m

(1) DE (The barrier is not present)

DE = V(21.83)(32.81) = 26.76 m

(2) DE (The barrier is present)

DE = V(6.83)(17.81) + 15

= 11.03 + 15

= 26.03 m
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4.0 NOMOGRAPHS AND PROGRAMMABLE HAND-HELD CALCULATORS

a. Introduction

Basically the FHWA Highway Traffic Noise Prediction Model—Manual Method consists of two

equations—Equation (1) and Equation (15). In Chapter 2 these equations were reduced to a series

of charts and tables which were then used to solve several example problems. These equations can

also be solved by several other means. Two methods of solving these equations, nomographs and

programmable hand-held calculators, are of particular value.

b. Nomographs

Although nomographs provide the least accurate noise estimates, they have many valuable

uses, particularly when only a quick estimate of the noise level is needed, when the sites are relatively

small, or when a quick estimate of the effects of a noise barrier is desired. Three nomographs are

provided. Figures 19 and 20 are used to determine the unattenuated sound levels. Figure 21 is used

to determine the attenuation provided by a barrier.

1. The FHWA Highway Traffic Noise Prediction Nomograph (Hard Site)

This nomograph should be used when estimating the noise level at an observer when the site is

hard (a = 0). Equation (1) for a hard site can be written as

Leq (h) t
= {L~Q )Ei

+ 10 log (^) + 10 log
(jf)

+ 10 log
(

02

Z
1

)
- 25 . (22)

IfD = 15 m, 0! = -90°,
2
= +90°, Equation (22) reduces to

Leq (h) t
= (I7)£ .

+ lOlogiV- - 10 log S
{

-- 10 log/) - 1.5. (23)

Recall that Equations (4), (5), and (6) are the reference energy mean emission levels

{L~)Ea
= 38.1 logS - 2.4 (24)

(L~o)emt
= 33.9 log 5 + 16.4 (25)

{L~ )E = 24.6 log 5 + 38.5. (26)
'HT

Substitution of these values into Equation (23) results in the following equations:

Leq (h)A = 28.1 log

S

A + 101ogiVA - lOlogD - 3.9 (27)

Leq (h)MT = 23.91ogSMT + 101og7VMT - lOlogD + 14.9 (28)

Leq( h )uT = 14.6 log^T + 101og./VHT - 10 logD + 37.0. (29)

Figure 19 is based upon solution of the above three equations. This nomograph assumes that:
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STARTING
POINT

(1) The site is hard (a = 0).

(2) The highway is infinitely long.

(3) The observer is unshielded.

(4) The vehicles travel a constant speed.

+

HEAVY
TRUCKS

MEDIUM
+ TRUCKS

+ 100 km/h

+ 90

+ 80
+ 70

+ 60

50

AUTOMOBILES

ASSUMPTIONS: (11 HARD SITE (a = 01

(2) INFINITE ROADWAY
(3) CONSTANT SPEED
(41 NO SHIELDING

-90
, 02 = +90 )

(5) (L„)o'EA 38.1 LOG(S) -2.4

161 Ilo,'eMT
= 33 -9 LOGISI + 16.4

(7) (Q EHT = 24.6 LOG(S) +38.5
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Figure 19. FHWA Highway Traffic Noise Prediction Nomograph (Hard Site)

2. The FHWA Highway Traffic Noise Prediction Nomograph (Soft Site)

If a = 1/2, D = 15 m, X
= -90°,

2
= +90°, Equation (1) reduces to

Leq (h)i
= (IJ£/

+ lOlogAT;- 10 log S
f
- 15 log D + 3.2.

Substitution of Equations (24), (25), and (26) into Equation (30) results in

Leq (h)A = 28.1 log SA + 101ogATA - 15 log D + 0.8

Leq (h)MT = 23.91ogSMT + 101og^MT - 15 1ogL> + 19.6

Leq (h)HT = 14.6 1ogSMT + 101ogATHT - 15 logD + 41.7.

Figure 20 is based upon the solutions of these three equations. This nomograph assumes:

(1) The site is soft (a = 1/2).

(2) The highway is infinitely long.

(3) The observer is unshielded.

(4) The vehicles travel at constant speed.

(30)

(31)

(32)

(33)

64



N

v/h

HEAVY TRUCKS

+ +

+ +

+ +

+
MEDIUM

+
TRUCKS

STARTING
POINT

+ +

50 60

+

70

+

80

+
+

100 km /h
90

AUTOMOBILES

ASSUMPTIONS: (1) SOFT SITE (a = 1/21

(2) INFINITE ROADWAY (0, = -90°, 02 = +90°>

131 CONSTANT SPEED
(4) NO SHIELDING

= 38.1 LOG(S) -2.4(5) {LS )EA
(6) (L )MT = 33.9 LOGISI + 16.4

(7) (L^) HT = 24.6 LOG(S) + 38.5
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Figure 20. FHWA Highway Traffic Noise Prediction Nomograph (Soft Site)

One word should be said about the format of Figures 19 and 20. This layout was chosen be-

cause it has been widely used by noise specialists in the past. The dots shown on turn line A really

represents the starting points. The purpose of the "+'s" is to locate the appropriate speed dot.

Users may want to relable scale A and use turn line A as the starting point. This is slightly more

accurate because the speed dots represent a logarithmic scale, and it is easier to interpolate between

the dots on Line A than it is between the "+'s."
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PROBLEM 13

Refer to Figure 13-1 below. Using the traffic data given in Problem 2, compare the

sound levels that reach the observer from Segment A and Segment B. The L/S is less

than 3 metres above the ground and the intervening ground from Segment A has been

paved over. The intervening ground from Segment B is covered with grass. The high-

way is infinitely long. Lane width is 3.66 m. Use the nomographs to solve this problem.

SEGMENT B

Figure 13-1

TRAFFIC DATA

Eastbound Westbound
Vehicle Lane Lane

Class V/H V/H

A 317 281

MT 24 12

HT 22 25

S = 75 km/h

Table 1 will again be used as a computation guide.

SEGMENT A

Step 1. Complete Lines 1 through 4, Table 13-1.

Step 2. Compute the single-lane equivalent distance, DE .

DE = V(60)(63.66) = 61.8

Step 3. (j) 1
= -90, 2

= 0.

Step 4. Use Figure 13-2 to determine L (h). for each vehicle group. Example:

EB Lane — automobiles.
(Continued)
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PROBLEM 13 (Continued)

1. Refer to Figure 13-2. Draw a straight line from the starting point through the

75 km/h point on the automobile speed scale. Extend the straight line to turn

Line A. Note the "+'s" are used to locate the dots on Line A.

2. Draw a second straight line from the intersection point A-l to 598 vph point on
the volume scale. Mark the intersection of this line with turn Line B as B-l.

3. Draw a third straight line from point B-l to the 62 metre point on the DE scale.

The intersection of the third line with the Le
(h) scale gives the predicted Leq (h)A

Step 5. Repeat Step 4 for each of the vehicle classes

Leq(h )A = 59 dBA

LeaW™rr = 57 dBA V Lea (h) = 65.2 dBA.'eq 'MT

Leq^)\\i 63 dBA

-eq"

Step 6. The values shown above are for an infinitely long highway where the site is

hard. Therefore, reduce each value by 10 log (90/180) = -3 dBA and enter this value

on Line 18, Table 13-1.

Step 7. Compute the L (h) from Segment A.

Leq (h) = 10 1og[105 - 6 + 10 5 - 4 + 1060 ]

(From Problem 6, Leq (h) = 62.1 dBA.)

62.2 dBA.

SEGMENT B

Step 1. Repeat Steps 1-4 from Segment A except that Figure 13-3 must be used.

Leq(h )A = 54.5 dBA

Leq(h )MT = 53. dBA YLeq {h) = 60.8 dBA

Lea(h)eq HT 58.5 dBA

Step 2. The values shown in Step 1 above are for an infinitely long highway where the

site is soft. Use Figure 7 to adjust these values for a finite length roadway.

1.
0-l

=-90,
2

= +90. Adjustment = -1.2 dBA. (Built into nomograph.)

2. X
= 0, 2 = +9 °- Adjustment = -4.2 dBA.

3. (-4.2) - (-1.2) = -3.0 dBA.

Reduce the values shown in Step 1 by 3. dBA.

(Continued)
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PROBLEM 13 (Continued)

Step 3. Compute the L (h) from Segment B.

Leq (h) = 10 1og[10515 + 10 5 - 00 + 105 55
J

= 57.8 dBA

(From Problem 6, Leq (h)B
= 58.1 dBA.)

••

COMPUTE Leq (h) FROM ROADWAY

Step 1. Compute the Le
(h) heard by the observer.

Leq (h) = 10 1og[10 6 - 22 + 10 5 - 78
] = 63.6 dBA.

(From Problem 6, Leq (h) = 63.6 dBA.)

t

(Continued) •
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PROBLEM 13 (Continued)
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PROBLEM 13 (Continued) *•
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PROBLEM 13 (Continued)

NAME.
DATE

PROJECT DESCRIPTION
.

PROBLEM 13

SEGMENT A SEGMENT B

1. LANE NO./ROAD SEGMENT
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 608 36 47 698 36 47

4. S<km/h) - 76 - - 76 -

5. D(m) 61.8 61.8

6. 0, (degrees) Fig. 5 -90

7. foldegrees) Fig. 5 +90

8. (Z7)£, (dBA) Fig. 2

9. 10 LOG (NiD ISj) (dB) Fig. 3

10a. 10 LOG (D ID) (dBA) Fig. 4

10b. 15 LOG (D ID) (dBA) Fig. 4

11a. 10 LOG (& (<*>,, &)/*) (dBA) Fig. 6 -3

11b. 10 LOG (0i/2(0i, <h)M (dBA) Fig. 7 -3

12.
<t>i_

(degrees) Fig. 10

13. 0r (degrees) Fig. 10

14. ^(metres) Fig. 9

15. N Eq. 18

16. Ag(dBA) Appendix B

17.

18. £^(/>)(dBA) Nomograph 59 57 63 54.5 53 58.5

19. /«,</>) (dBA) 56 54 60 51.5 50 55.5

20. A, (dBA) Fig. 8

21. L^h) (dBA) 62.2 57.8

22. /.«,</>) (dBA) 63.6

23. ND/S (m/km)

24. (Z-10-i*,), (dB) Fig. 15

25. Z-lolH (dBA)

26. L, (h) (dBA)

27. £l0(/>)(dBA)

Table 13-1. Noise Prediction Worksheet
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3. Barrier Nomograph

The Barrier Nomograph (Figure 21) is identical, except for the metric scales, to the Barrier

Nomographs contained in References 6 and 8. Both the Barrier Nomograph (Figure 21) and the

FHWA manual method start with the same basic expression—an integration of the point source

attenuation function for an infinitely long barrier.

f 1 r
n/2

Attenuation = 10 log -=- 10~A ' 10
d<t>

7T/2

(34)

The major difference between the barrier nomograph and the FHWA method is in the treatment of

finite barriers.

The manual method is applicable to a straight roadway of any length protected by a parallel,

constant-height barrier. The FHWA method locates the barrier end points by the angles

(j)L , <j)R relative to the position of the observer (see Figure 10). Spreading losses over the top of the

barrier are purely geometric, i.e., 3 dBA/DD. Spreading losses around the ends of the barrier may
include ground effects— i.e., 3 dBA/DD or 4.5 dBA/DD is used, depending on site conditions. The
barrier attenuation values shown in the tables in Appendix B are to be applied to the noise levels

emanating from the shielded highway section— i.e., the roadway must be broken down into seg-

ments, one of which is shielded by the barrier.

The barrier nomograph assumes a straight and infinitely long highway with a parallel and

constant-height barrier. The barrier nomograph translates all finite barriers, regardless of actual posi-

tion to (pL = —90°, (pR = A</> — 90°. This means that a barrier located by the angles <pL , (f>R would

be treated as a barrier located at -90°, A0 - 90° where A0 = <pL — (pR . For example, a barrier

located by the angles (pL = -25°, (pR = 40° would be treated as if it were located at (pL = -90°,

<pR = -25°. A barrier located by the angles L = -45, 4>R = +45°, or a barrier located at <pL = 0°,

<pR = 90° would both be treated as if they were located at 4>L = —90°, (j)R =0°. The barrier nomo-
graph also assumes that the spreading losses over the top of the barrier are the rate of 3 dBA/DD and

the spreading losses around the ends are at the rate of 4.5 dBA/DD. Since the nomograph assumes

an infinitely long highway and the relation of the observer to the barrier is fixed, the attenuation

provided by the barrier is applied to the noise levels coming from the infinitely long highway. The
highway does not have to be broken down into sections. The nomograph only provides an estimate

of the attenuation.

*
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PROBLEM 14

Refer to Figure 14-1. Compute the sound level at the observer under the following

conditions:

a. No barrier (i.e., free field).

b. Infinitely long concrete barrier.

c. Finite concrete barrier when 0^ = _ 20°, <pR = 70°.

The barrier is 4 metres high and the terrain between the roadway and the observer
is covered with grass, (a = 1/2). Use equivalent lane distance, and the nomographs
to solve this problem.

The observer height is 1.5 m.

1
INFINITELY LONG HIGHWAY -<- WB 3.66

^ EB f

10m

BARRIER
a= 1/2 60m

i OBSERVER

Figure 14-1

TRAFFIC DATA

Vehicle

Class EB WB

A 317 281
MT 24 12

HT 22 25

S = 75km/h.

a. Compute the free field sound levels.

Step 1. Use Figure 20—"FHWA Highway Traffic Noise Prediction Nomograph (Soft

Site)," to compute the sound level at the observer without the barrier.

DE = V(60)(63.7) = 62 m

.

Step 2. Leq (h) = 60.8 dBA. (From Problem 9, Leq (h) = 61.1 dBA.)

b. Compute the sound levels with the infinitely long concrete barrier.

Step 1. Prepare a cross-sectional view of the highway of the highway and compute DE .

(Continued)
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>
PROBLEM 14 (Continued)

13.54m

2.44 m"
1

.7 m- i-

4m
•

\

48.17m10m
U >-< >

1.5m

Figure 14-2

DE = V(H-83)(15.49) + 48.17 = 61.71m.

SOLUTION

Step 1. Determine the perpendicular break in the L/S.

x 1.5

'MT

'HT

ss 3.3 -

s 2.5

13.54 " 61.7

113.54 " 61.7

.94

4 - .33 s 3.67 m

3.12 m

48.17 " 61.7
1.77 m

Step 2. Use Figure 14-3 and determine the attenuation provided by the barrier. The
values are shown in Table 14-1.

1. Starting at the bottom, draw a line from the L/S scale (62 m) through the barrier

position scale (13.5 m) to Turn A. The intersection at the line with Turn A is

marked A-l. From point A-l, project a line vertically upward.

2. Starting at the left, draw a line from the L/S scale (62 m) through the barrier break

in L/S (3.67 m) to Turn B. The intersection of this line with Turn B is marked B-l.

From point B-l, project a line horizontally to the right.

3. The intersection of the line from A-l and the line from B-l locate the top of the

barrier on an attenuation curve. Follow the attenuation curve on which the top of

the barriers lie upward and to the right to Turn C. The intersection of this line with

Turn C is marked C-l.

4. From C-l draw a line to the L/S scale (62 m). The intersection of this line with the

pivot line is marked P-l. From P-l, project a line horizontally to the right until it

intersects with the curve corresponding to the proper Angle Subtended.

5. At the intersection with the Angle Subtended curve, project upward to the Barrier

Attenuation Scale.

AB (Automobiles) = -13.5 dB .

(Continued)
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PROBLEM 14 (Continued)

Repeat Step 1 for medium trucks and heavy trucks.

AB (Medium Trucks) = 11.8 dB

AB (Heavy Trucks) = 9.3 dB.

Step 3. Determine the sound level at the observer.

Note: Since the site is soft, ground effects (a - 1/2) have to be taken into account. (Use

Figure 19.)

Leq(h )A = 59 - 13.5 = 45.5 dBA

Leq (h)MT = 57 - 11.8 = 45.2 dBA

Leq(h )}iT
63 - 9.3 = 53.7 dBA

Leq (h) ---- 54.8 dBA (From Problem 9, Leq (h) = 55.7 dBA).

c. Compute the sound levels with the finite barrier.

Step 1. Since 0^ = -20° and (j)R = 70° the angle subtended is 90°.

Step 2. Use Figure 21 and determine the barrier attenuation using A0 = 90°.

AB = 3dB.

Step 3. Determine the sound level at the observer. This problem is fairly complicated

because the site was initially soft (a = 1/2). The roadway must now be broken down
into three segments as was the case with Problem 10. Figure 20 is used to calculate the

sound levels from Segments A and C. Figure 19 is used to calculate the sound level

from Segment B. Since the barrier attenuation values shown in the barrier nomograph
are applied to the infinite roadway values, the sound levels from the three segments

must be added before the barrier attenuation is subtracted.

Segment A Lpn (h) = 56.5 dBA (Figure 20)

Segment B Leq (h) = 62.2 dBA (Figure 19)

Segment C Leq (h) = 48.6 dBA (Figure 20)

Leq (h) = 10 log [10 5 - 65 + 10 6 - 22 + 10 4 - 86
] = 63.4 dBA .

Therefore, the sound level at the observer is

Leq (h) = 63.4 - 3 = 60.4 dBA .

(From Problem 10, Leq (h) = 58.6 dBA.)
(Continued)
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PROBLEM 14 (Continued)

Figure 14-3. Barrier Nomograph

(Continued)
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PROBLEM 14 (Continued) *

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 14

(i ) FREE (b) INFINITE (c) FINITE

1. LANE NO./ROAD SEGMENT FIELD BARRIER BARRIER

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 598 36 47 598 36 47 598 36 47

4. S(km/h) - 75 - - 75 - - 75 -

5. D(m) 62 62 62

6. 0, (degrees) Fig. 5 -90 -90 -90

7. 02<degrees) Fig. 5 +90 +90 +90

8. (£)£, (dBA) Fig. 2

9. 10 LOG (NjD ISi) (dB) Fig. 3

10a. 10 LOG (D /D) (dBA) Fig. 4

10b. 15 LOG (0O /D) (dBA) Fig. 4

11a. 10 LOG (\fe(0 1 .02 )/f) (dBA) Fig. 6

11b. 1OLOG(^ 1/2 (01.02>/tf><dBA) Fig. 7

12. 0^ (degrees) Fig. 10 -20

13. 0/j (degrees) Fig. 10 +70

14. Jb (metres) Fig. 9

15. % Eq. 18

16. Ae (dBA) Appendix B -13.5 -11.8 -9.3 -3 -3 -3 (NOMOGRAPH VALUES)

17. CONSTANT (dB)

18. /«,(/)) (dBA) 54.5 53. 58.5 45.6 45.2 53.7 53.5 59.2 45.6

19. Leg (/)) (dBA) 60.8 54.8 60.4

20. Aj (dBA) Fig. 8

21. /.«,(/)) (dBA)

22. ta, (/)) (dBA)

23. /VD/5 (m/km)

24. U-lO-W/<dB >
F '9- 15

25. i 10 </>>, (dBA)

26. i 10 (/i) (dBA)

27. i 10W) (dBA)

•

Table 14-1. Noise Prediction Worksheet

•
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c. Programmable Hand-Held Calculators

The use of programmable hand-held calculators to solve Equations (1) and (15) has several

distinct advantages. The calculators can be used to solve the equation directly to 0.1 of a decibel.

Thus, they are more accurate. The use of the calculators eliminates the need to obtain values from

several charts and tables. This reduces the potential for making an error. Finally, hand-held calcula-

tors are very quick, and make it possible to alter some variables without changing all of the other

input data. Thus the time required to get an answer is further reduced. Figures 22 and 23 are Flow

diagrams that can be used as a guide in writing a program.

Appendix D contains a listing of a program for one such programmable hand-held calculator.

Equipment manufacturers are continually improving the capability and efficiency of these calcula-

tors. The program shown in Appendix D could be improved considerably by using a calculator with

more storage capacity. Such calculators are available for less than $400.
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DEFINE ALL INPUT VARIABLES (NO. OF AUTOS, NO. OF

MED. TRUCKS, NO. OF HEAVY TRUCKS, DISTANCE, SPEED,

SITE DESCRIPTOR (a), LEFT ANGLE, RIGHT ANGLE)

DEFINE LABEL

FOR AUTOS

DEFINE LABEL

FOR

MEDIUM TRUCKS

t
DEFINE LABEL

FOR

HEAVY TRUCKS

CALC. ENERGY MEAN
EMISSION LEVELS STORE

(38.1 LOGS- 2.4)

CALC. ENERGY MEAN

EMISSION LEVEL & STORE

(33.9 LOGS+ 16.4)

CALC. TRAFFIC FLOW

ADJUSTMENT AND ADD
TO EMISSION LEVEL

10 LOG
N a D,

25

CALC. ENERGY MEAN
EMISSION LEVELS STORE

(24.6 LOG S + 38.5)

CALC. TRAFFIC FLOW

ADJUSTMENT AND ADD
TO EMISSION LEVEL

10 LOG
N MT D

,

- 25

CALC. TRAFFIC FLOW

ADJUSTMENT AND ADD
TO EMISSION LEVEL

10 LOG 25

CALC. DISTANCE ADJUSTMENT

AND ADD TO EACH VEHICLE'S

EMISSION LEVEL

/ i(1+tt)

I0LOG -

CALC. HARD SITE

FINITE ROADWAY
ADJUSTMENTS ADD
TO EACH VEHICLE'S

EMISSION LEVEL

10 LOG
A=>

CALC. SOFT SITE FINITE

ROADWAY ADJUSTMENT AND

ADD TO EACH VEHICLE'S

EMISSION LEVEL

10 LOG
-h

IOLOGtt

USE SIMPSON'S APPROXIMATION

t

DISPLAY TOTAL L
E

FOR AUTOS

DISPLAY TOTAL LEQ
FOR MEDIUM TRUCKS

DISPLAY TOTAL LEQ
FOR HEAVY TRUCKS

ADD L EQ FOR ALL

VEHICLETYPES

AND DISPLAY •
Figure 22. Flow Chart for Free Field Calculations
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DEFINE ALL INPUT VARIABLES (DISTANCE FROM SOURCE

TO BARRIER (C,), DISTANCE FROM BARRIER TO RECEPTOR

(C2 ), HEIGHT OF BARRIER ABOVE ROADWAY ELEVATION

(h), SOURCE HEIGHT ABOVE ROADWAY (S,), RECEPTOR

HEIGHT WITH RESPECT TO ROADWAY (R), LEFT ANGLE
SUBTENDED BY BARRIER (<p L ), RIGHT ANGLE SUBTENDED

BY BARRIER (0R )

CALCULATE PATHLENGTH

DIFFERENCE (5j) FOR

EACH VEHICLE TYPE

(6= A + B C)

(A, = VC 2
+ (h-S;) 2 '

\4h~ + a

(c, = Vic, + c2 )

2
+ <r -S;)

2
)

CALCULATE FRESNEL NO.

(IM = 3.21 5;)

CHECK FOR NEGATIVE FRESNEL

(X = (h-S
i

)C 2/C 1
)

J (X + h =((h -5,102/0,) + h)

((X +h) - R 2
= >(-) FRESNEL NUMBER)

DISPLAY

BARRIER

ATTENUATION

OISPLAY

BARRIER

ATTENUATION

A D = 20

CALCULATE BARRIER ATTENUATION

1 W 1 \ r<pR TAN 2 V2tt|N cos0| \\

27T|N n COS0i //"™((SF*)&C

USE SIMPSON'S APPROXIMATION OR

TRAPEZOIDAL APPROXIMATION

CALCULATE BARRIER ATTENUATION

1 \/ 1 \ f
R TANH2 V27tN o C0S(

-)("7=)
\0R -0 L (27TN O COS0)

t

USE SIMPSON'S APPROXIMATION OR

TRAPEZOIDAL APPROXIMATION

r
~

1
ADD THE RESPECTIVE BARRIER ATTENUATION TO EACH

VEHICLE TYPE FOR HARD SITE LEQ AND DISPLAY

Figure £6. Flow Chart for Barrier Attenuation Calculations
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PROBLEM 15

Redo Problems 9 and 10 using the equations developed in Chapter 2.

•

SOLUTION

Figures 22 and 23 show the equations as used in the development of the program shown
in Appendix D.

The values shown in Tables 15-1 and 15-2 are accurate to 0.1 of a decibel.

Problem 9 (reworked using hand-held calculator).

Step 1. Free Field: Leq (h) = 61.0 dBA.

Step 2. Infinite Barrier: Leq (h) = 55.8 dBA.

Step 3. Insertion Loss: I.L. = 61'.": - 55.8 = 9.2 dBA.

Problem 10 (reworked using hand-held calculator).

Step 4. Finite Barrier: Lpn (h) = 58.2 dBA.

Step 5. Insertion Loss: I.L. = 61.0 - 58.2 = 2.8 dBA.

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 16

(a) FREE FIELO (b) INFINITE BARRIER

1. LANE NO./ROAD SEGMENT EB WB EB WB
2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 317 24 22 281 12 26 317 24 22 281 12 26

4. S(km/h) - 76 - 76 - - 76 - - 76 -

5. Dim) 60 63.66 60 63.66

6. 0, (degrees) Fig. 5 -90 -90 -90 -90

7. 02 (degree) Fig. 5 +90 +90 +90 +90

8. (/L7)E/ (dBA) Fig. 2 69. 80. 84.6 69. 80 84.6 69. 80. 84.6 69. 80 84.6

9. 10 LOG (NiDolS,) (dB) Fig. 3 18. 6.8 6.4 17.6 3.8 7. 18. 6.8 6.4 17.5 3.8 7.0

10a. 10 LOG (D /D) (dBA) Fig. 4 -6.0 -6.3

10b. 15 LOG (D ID) (dBA) Fig. 4 -9. -9.4

11a. lOLOGd/fel^.tel/T) (dBA) Fig. 6 0.0 0.0

11b. 1OLOG(i// 1/2 (0i.<M/tM<'BA) Fig. 7 -1.2 -1.2

12. <pL (degrees) Fig. 10 -90 -90

13. 0A (degrees) Fig. 10 +90 +90

14. 6o (metres) Fig. 9 .70 .61 .18 .66 .41 .14

15. N Eq. 18 2.26 1.64 .61 1.78 1.31 .44

16. As (dBA) Appendix B -12.6 -11.6 -8.6 -11.9 -11.0 -8.2

17. CONSTANT (dB) -25 -25 -26 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. L^ih) (dBA) 51.8 61.6 56.8 60.9 48.2 56.0 43.4 44.2 51.4 43.3 41.6 52.1

19. £*,(/>> (dBA) i 58.3 57.7 52.7 53.0

20. A, (dBA) Fig. 8

21. Liqih) (dBA)

22. /.«,(/>) (dBA) 61.0 65.8

23. ND/S (m/km) L_
24. U-IO-W/MB) Fig- 15

25. /.,<,(/>)/ (dBA)

26. £ 10 (/>) (dBA)

27. t 10(M(dBA)

•

Table 15-1. Noise Prediction Worksheet

(Continued) •
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PROBLEM 15 (Continued)

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 15

SEGMENT A SEGMENT B SEGMENT

C

1. LANE NO./ROAD SEGMENT EB WB EB WB EB WB

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 317 24 22 281 12 26 317 24 22 281 12 26 317 24 22 281 12 26

4. S(km/h) - 76 - - 76 - - 76 - .- 75 - - 76 - - 76 -

5. D(m) 60 63.66 60 63.66 60 63.66

6.
(j>f

(degrees) Fig. 5 -90 -90 -20 -20 +70 +70

7. foldegrees) Fig. 5 -20 -20 +70 +70 +90 +90

8. |Z7)f, (dBA) Fig. 2 69. 80. 84.6 69 80. 84.6 69. 80. 84.6 69. 80. 84.6 69. 80. 84.6 69. | 80. 84.6

9. 10 LOG {N,D /Si) (dB) Fig. 3 18. 6.8 6.4 17.6 3.8 7. 18.0 6.8 6.4 17.6 3.8 7. 18. 6.8 6.4 17.5
J

3.8 7.

10a. 10 LOG (D /D) (dBA) Fig. 4 -6. -6.3

10b. 15 LOG (D ID) (dBA) Fig. 4 -9. -9.4 -9. -9.4

11s. 10 LOG
( &(<*>,, 02 )/7T) (dBA) Fig. 6 -3. -3.0

11b. 10 LOG <i// 1/2 (0, . <h)M (dBA) Fig. 7 -6.7 -6.7 -13.6 -13.6

12.
<j>l_

(degrees) Fig. 10 -20 -20

13. <j>n (degrees) Fig. 10 +70 +70

14. $, (metres) Fig. 9 .70 .61 .16 .66 .41 .14

15. N Eq. 18 2.26 1.64 .61 1.78 1.31 .44

16. Afl (dBA) Appendix B -16.3 -14. -9.7 -14.3 -13.1 -9.2

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. U,(h) (dBA) 47.4 47.1 61.4 46.4 43.7 61.6 37.7 38.8 47.3 37.9 36.4 48.1 ' 39.4 39.1 43.4 38.6 36.7 43.6

19. i*,(/7|(dBA) 63.8 63.2 48.3 48.8 46.9 46.3

20. A, (dBA) Fig. 8

21. L«,{h) (dBA)

22. /.„(/>) (dBA) 66.6 61.6 48.6

23. ND/S (m/km)

24. (t-W-L*qh (dB) Fig. 15

25. Z.,o(/>)/ (dBA)

26. i. 10 </>) (dBA) TOTAL L«<,(h) - 58.2

27. i 10 (M (dBA)

Table 15-2. Noise Prediction Worksheet
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d. Summary

Three different computational procedures have been presented for arriving at a predicted sound

level using the FHWA Highway Traffic Noise Prediction Model— a manual method, nomographs, and

a program for a hand-held calculator. Tables 5 and 6 are summaries of the sound levels predicted by

the computational procedures in Problems 9 through 15. Comparisons of the values shown in

Tables 5 and 6 indicate that the three methods provide almost identical answers. Although the prob-

lems used here are simple examples, the manual method and the use of programmable hand-held

calculators should always provide the same answers. This is true because the program for the hand-

held calculators is based on the manual method and contains the same assumptions.

The nomographs for predicting the sound level in the absence of barriers are also accurate.

However, the barrier nomograph (Figure 21) has assumptions in it that are not consistent with the

barrier procedure used in the manual method. Although the differences shown in Tables 5 and 6 are

insignificant, there may be situations where the barrier nomograph would introduce significant

error. The barrier nomograph should never be used for final design.

Table 5. Comparison of Predicted Sound Levels for Problems 9, 14, and 15

(Infinite Barrier), dBA Based on Different Computational Procedures

MANUAL METHOD
Problem 9 (a = 1/2)

NOMOGRAPHS
Problem 14 (a = 1/2)

CALCULATOR
Problem 15 (a = 1/2)

Free

Field

61.1

Infinite

Barrier

55.7

Free

Field

60.8

Infinite

Barrier

54.8

Free

Field

61.0

Infinite

Barrier

55.8

Table 6. Comparison of Predicted Sound Levels for Problems 10, 14, and 15

(Finite Barrier), dBA Based on Different Computational Procedures

MANUAL METHOD NOMOGRAPHS CALCULATOR
Problem 10 (a = 1/2) Problem 14 (a = 1/2) Problem 15 (a = 1/2)

Free Finite Free Finite Free Finite

Field Barrier Field Barrier Field Barrier

61.1 58.2 60.8 60.4 61.0 58.2
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5.0 ACCURACY OF THE FHWA METHOD

a. Introduction

The final test of any noise prediction method is accuracy. How well do the predicted noise

levels for a particular location compare with the measured noise levels for that location? If the pre-

dicted noise levels were equal to the measured noise levels, the predicted values would correlate

perfectly with the measured data— i.e., the correlation coefficient (r) would equal one (r = 1). The

mean difference between measured sound levels and predicted sound levels (3c) would equal zero

(x = 0). The standard deviation (s) of the differences between measured sound levels and predicted

sound levels (x's) would equal zero (s = 0). At that location, it could be concluded that the predic-

tion method performed perfectly. If the location were changed, or if any condition at the location

changed that would affect the variables used in the prediction method, the accuracy of the predic-

tion method could also be affected.

Consequently, before any positive statement is made about the accuracy of the method, it must

be tested under a wide variety of conditions at a large number of locations. The FHWA noise predic-

tion model has undergone only limited evaluation. The following sections discuss the evaluation

which has been done.

b. Accuracy Based on Data Collected in Four State Noise Inventory [3]

Figures 24 and 25 are plots of the measured sound levels versus predicted sound levels at Site #2
in Florida. This data was collected over a 24-hour period in which traffic speeds remained fairly

constant but traffic volumes and truck percentages varied considerably.

Noise level measurements were made over a 24-hour period at a distance of 15 m, 30 m, and

60 m from the centerline of the near traffic lane. Data was also collected on noise emission levels

of the automobiles, medium trucks, and heavy trucks.

The predicted values shown in Figure 24 are based upon national noise emission levels. The
predicted values shown in Figure 25 are based on the noise emission levels of vehicle, measured at

5 sites in Florida, one of which included Site #2.

Table 7 shows the results of the evaluation using the national emission levels. Table 8 shows

the results of the evaluation using the Florida emission levels in the FHWA method.

The data in Tables 7 and 8 illustrate three points that one could have intuitively suspected:

1. The FHWA model is not perfect.

2. The FHWA model is slightly more accurate in Florida using Florida's noise emission

levels.

3. The accuracy of the FHWA model decreases with increasing distance from the roadway.

However the overall accuracy is quite good at this site.

c. Accuracy Based on Data Contained in Research Report FHWA-RD-76-54
"Noise Experience Attenuation: Field Experiences"

Because of the large amount of measured data contained in this report, only a partial evalua-

tion of this data has been done to date. The data analysis shown in Research Report FHWA-RD-
76-54 is based on the NCHRP 174 procedure. This procedure and the one contained in the FHWA
model are almost identical. Consequently, the results should be the same. The problems in Chapter 7

are based on the data contained in Research Report FHWA-RD-76-54.
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MEASURED vs. NATIONAL PREDICTED

0.863

•

•

O - 15.2m

Q - 30.5 m
A - 61.0m

PREDICTED EQUIVALENT SOUND LEVEL, dBA

Figure 24. Comparison of the Florida Site 2 Data with Predicted Values Using National Noise Emission Levels •
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Table 7. Evaluation of FHWA Prediction Method at

Site 2, Florida Using National Noise Emission Levels

Location
Sample

Size
r X s

15 m 22 .94 -.05 1.64

30 m 22 .93 -.95 1.82

60m 22 .86 -1.3 2.39

All locations 66 .93 -.78 2.02

Table 8. Evaluation of FHWA Prediction Method at

Site 2, Florida Using Florida Noise Emission Levels

Location
Sample

Size
r X s

15 m 22 .95 +.58 1.39

30m 22 .93 -.23 1.63

60 m 22 .86 -.57 2.31

All locations 66 .94 -.09 1.86
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6.0 FHWA MODEL -MANUAL METHOD {D < 15 Metres)

a. Introduction

The discussion of the FHWA model up to this point has been limited to situations where D is

equal to or greater than 15 metres. Over the past several years, questions have been raised concern-

ing situations where D is less than 15 metres. Appendix A treats one general case where this occurs.

In this case, the observer is located along the extension of the roadway. D can range from 15 metres

down to metres, but the observer must be located far enough from the roadway to insure that the

vehicles still act as moving point sources. This occurs whenever the distance from the observer to the

closest approach point of the vehicles is greater than 15 metres. (In NCHRP Report 174, this situa-

tion occurs when the angle between the observer and roadway extension is less than 5.0°.) Two
situations where this occurs are shown in Figure 26.

OBSERVER
ROAD SEGMENT

/

/

/

<S
< 1

5

OBSERVER

Figure 26. Situations were D < 15 Meters but the Vehicles are Still Treated as Point Sources

b. When D is Less Than 15 Metres and when Observer is Not Immediately Adjacent to the High-

way or Highway Section

Although D can vary from 15 metres to metres (the observer is on the extended centerline),

the observer is often quite removed from the roadway. The sound level in this situation is com-

puted using the following general equation:

N
f
D

Leqih); =(L )Ei
+ 10 log 1-^

where

+10 log
1 + a

l + a 1 + a

- 30 (35)

R n is the distance in metres between the centerline of the near end of the roadway segment

and the observer.
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Rf is the distance in metres between the centerline of the far end of the roadway segment

and the observer.

When a = 0, Equation (21) reduces to

Leq (h)i
= (L )Et

+ 10 log -^1 + 10 log
N

t
D

for a reflective site.

When a = 1/2, Equation (21) reduces to

Leq (h) t
= (L )E .

+ 10 log \-~
NiD

D,

R,
- 30 (36).

+10 log

3/2 3/2

30 (37)

for an absorptive site.

The total L (h) from all sources is then computed by decibel addition.

c. Accuracy

The accuracy of Equations (36) and (37) has not been established. There is a good possibility

that a calibration constant will be needed to account for vehicle shielding. This is particularly true

when D approaches 0. In this case the leading vehicle may significantly shield the noise generated

by the vehicles behind it. It is expected that Equations (36) and (37) are conservative, perhaps

overly so.
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PROBLEM 16

What is the noise level generated by the traffic on the section of one lane ramp shown
in Figure 16-1 at the observer. S = 50 km/h. Hourly volumes are 400 automobiles,

40 medium trucks, and 20 heavy trucks. The site is acoustically hard.

5 m

• 4mi RAMP AA*

V
50 m '

V

^^Z- ^-^X^i.
""—

t
SECTION LIMITS

400 m

Figure 16-1

SOLUTION

Refer to Table 16-1.

Step 1. Complete Lines 1 through 4, Table 16-1.

Step 2. D = 5 metres. Record on Line 4, Table 16-1.

Step 3. Since D is less than 15 metres, the position of the ramp will be specified as R n
and Rf. R n

= 50 m and R* = 400 m. Record these values on Lines 6 and 7, Table 16-1.

Step 4. Use Figure 2 and S = 50 km/h to determine the reference energy mean emis-

sion level. Enter this value on Line 8, Table 16-1.

Step 5. Use Figure 3 to determine the traffic flow adjustment factors; record these

values on Line 9, Table 11-1.

Step 6. The distance adjustment factor and the finite length segment adjustment are

included in the expression:

10 log
\rJ

(D

\R
f

therefore adjustment factor

= 10 log
u \50/ \400/_

= 10 log (.26)

= -5.8 dB.

Record this value on Line 10(a), Table 16-1.

Step 7. Add up the values in each column and complete the L (h) at the observer.

Lea (h)
= 10 1og[104 - 73 + 10 4 - 90 + 10 5 - 23

] = 54.8 dBA.eq

(Continued)

91



PROBLEM 16 (Continued)

NAME.
DATE.

PROJECT DESCRIPTION .

PROBLEM 18

1. LANE NOVROAD SEGMENT iRansi:

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N<vph) 400 40 »
4. S(km/h) _ M _

5. D(m) •

6. R„ Ffg. 5 80

7. Rf Fig. 5 400

8. (Of/ (dBA) Fig. 2 62.3 74.0 80.3

9. 10 LOG (N,D ISi) (dB) Fig. 3 20.8 10.8 7.8

10*. 10 LOG (Do/D) (dBA) Fig. 4 ) -6.8

10b. 15LOG(A>/£>)(dBA) Fig. 4

11a. 10 LOG (&(*,. to )/w) (dBA) Fig. 6 )

11b. 1OLOG(tf/ 1/2 (fc,02)/!r)<dBA) Fig. 7

12. 4>L (degrees) Fig. 10

13. 4>r (degrees) Fig. 10

14. &o (metres) Fig. 9

15. No Eq. 18

16. Afl (dBA) Appendix B

17. CONSTANT (dB) -30 -30 -30

18. £«,(/>) (dBA) 47.3 48.0 62.3

19. i« (/>) (dBA) 643

20. A, (dBA) Fig. 8

21. £„(/>) (dBA)

22. i„(/i) (dBA)

23. ND/S Im/kml

24. (ilO"i«j), WB) Fig. 15

25. i 10<H<dBA)

26. L, V>) (dBA)

27. Z. 10 (r» (dBA)

Table 16-1. Noise Prediction Worksheet
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7.0 PROBLEMS

Most of the problems in this section are based on situations where actual measurements have

been made. Table 1 is used in each problem as a computational guide.

93



PROBLEM 17

Refer to Research Report FHWA-RD-76-54, "Noise Barrier Attenuation: Field

Experience." Compute the noise level at (1) the reference station and (2) Station 1,

height equal 10 feet, for run no. 4 at site 01. See Figure 17-1. Use one equivalent

lane. Please note that in the metric conversion there is some rounding error in the

distances.

Scale

Site 01: SR 7 - SM 395

T
3.66 m

NB SB

21.95 m 4.88m
»| < »

18.29 m

6@ 3.66 m 5 lanes @ 3.66 m

Figure 17-1

TRAFFIC DATA
(Page C-2, Report FHWA-RD-76-4)

Run No. 4

NB SB

Vi

VA = 3241 vph

305 vphHT

VA = 3252 vph

VHT = 378 vph

Speed = 85 km/h

VA (Total) = 6493 vph

VHT (Total) = 683 vph

SOLUTION

Compute the noise level at the reference station. Refer to Table 1.

Step 1. Complete Lines 1 through 4, Table 1.

Step 2. Since the reference station is beyond the limits of the barrier, Equation (20) is

to compute the equivalent lane distance. Although it is not discussed in the report, it

is assumed that the western most lane is an acceleration or deacceleration lane, and it

is ignored.

DE = V(DN )(DF )

= V(13.11 + 6.71 + 1.83)(13.11 + 6.71 + 18.29 + 4.88 + 18.29 - 1.83)

= V(21.65)(59.45) = 35.88 m

(Continued)
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PROBLEM 17 (Continued)

Note: The author of Report FHWA-RD-76-4 did not use centerline distances for the

computation of DE . Therefore, there will be some discrepancies between the computed
values shown here and those in the report.

Step 3. Refer to Figure 5. Infinite highway (j> 1
= -90°,

2
= +90°.

Step 4. Refer to Figure 2, and determine the reference mean noise emission level at

85 km/h.

Step 5. Refer to Figure 3 and compute the traffic flow adjustment factor (D = 15 m,
S = 85 km/h).

Step 6. Refer to Figure 4 and compute the distance adjustment factor using 15 log

(D /D).

Step 7. Refer to Figure 7 for the finite length adjustment factor for soft sites.

Step 8.

Leq (h) = 76.2 dBA calculated

Leq (h) = 75.9 dBA measured (Page D-2)

L 10 (h) = 78.9 dBA calculated

L in (ft) = 78.8 dBA measured (Page D-2).

Compute the field insertion loss at Station 1, height = 3.05 m, using traffic data from
Run 04.

SOLUTION

Computation of the I.L. requires two computations: the noise level at Station 1 before

the barrier is built and the noise level after the barrier is built.

Before the Barrier

Step 1. Refer to Table 1. Complete Lines 1 through 4, Table 1.

Step 2. Computation of D here assumes that the barrier is not present.

DE = V/6.10 + 6.71 + 1.83)(6.10 + 6.71 + 18.29 + 4.88 + (18.29 - 1.83))

= V(14.64)(52.44) = 27.71 m.

Step 3. The distance adjustment factor is based on 4.5 dB/DD since it is assumed that

(1) the barrier has not been built and (2) the report indicates that the site is soft.

(Continued)
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PROBLEM 17 (Continued)

Step 4.

Leq (h) = 77.9 dBA calculated »

Leq (h) = 75.9 -15 log (^
(See Page 18, Report FHWA-RD-76-54)

= 77.7 dBA measured

L10 (h) = 79.6 dBA calculated

L10 (h) = 78.8 - 15 1og(^pr)= 80.6 dBA measured.

After the Barrier is Built

>

Step 1. Con
the barrier's

struction of the barrier now requires that the equivalent lane be

location

based on

= V(6.71 + 1.83)(6.71 + 18.29 + 4.88 + 16.46) + 6.10 m

= V(8.54)(46.36) + 6.10

= 19.89 + 6.10 = 25.99 m.

Step 2. Construction of the barrier has effectively raised the height of the noise source.

The distance adjustment factor is now based on 10 log (D /D).

Step 3. The finite length adjustment factor is now based on 10 log (A<p/ir) = 0.

Step 4. Since the barrier is infinitely long, <pL = -90° and 4>R = +90°.

Step 5. Corn

1

5 HT =

pute the pathlength differences.

v/19.89)
2 + (3.66)

2 + >/(3.66- 2.13)
2 + (6.10)

2

- v/(2.13)
2 + (25.99)

2 = .44 m

N/(19.89)
2 + (3.66 -2.44) 2 + x/(3.66 - 2.13)

2 + (6.10)
2

->/(2.44-2.13) 2 + (25.99)
2 = .22 m.

(Continued)
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PROBLEM 17 (Continued)

Step 6. Compute the Fresnel numbers

N = 3.215

A: N = 3.21(.44) = 1.41

HT: N = 3.21(.22) = .71

Step 7. Compute the barrier attenuation, AB (auto)

2.0 An (Auto) = -11.1 dBA

AB (HT) = -9.3 dBA .

Step 8.

Leq (h) = 70.9 calculated

L (h) = 67.6 measured

The calculated value is 3.3 dBA higher than the measured value. Two possible causes

are now under investigation.

(1) The source height for trucks - 2.44 metres - may be too high.

(2) The barrier attenuation in the table is based on a thin screen barrier. The wall-

berm combination may act more like a berm in which Case 3 dBA should have

been added to the attenuation given in the barrier attenuation tables.

I.L. = 77.9 - 70.7 = 7.2 dBA predicted

' iTnij'

(Continued)
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PROBLEM 17 (Continued)

NAME,
DATE

PROJECT DESCRIPTION PROBLEM 17

REF.STA W/O BARRIER W/BARRIER

1. LANE NO./ROAD SEGMENT STA. RUN 4 STATION 1 RUN 4

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 6493 683

4. S(km/h) - 85 -

5. D(m) 35.88 27.71 26.99

6. 0, (degrees) Fig. 5 -90

7. 02<degrees) Fig. 5 +90

8. (Qf; (dBA) Fig. 2 71.1 86 71.1 86. 71 1 86.

9. 10 LOG [NiDo/Sj) (dB) Fig. 3 30.6 208 30.6 20.8 30.6 20.8

10a. 10 LOG (D ID) (dBA) Fig. 4 -2.4

10b. 15 LOG (Da ID) (dBA) Fig. 4 -5.7 -4

11a. 10 LOG (&((/>,. 02 )/*> (dBA) Fig. 6

11b. 10 LOG (i>u2 (fa.<h)M (dBA) Fig. 7 -1.1 -1.1

12. 0^ (degrees) Fig. 10 -90

13. 0ft (degrees) Fig. 10 +90

14. 5 (metres) Fig. 9 .44 -.22

15. A/ Eq. 18 1.41 -.71

16. Ae (dBA) Appendix B -11.1 - 9.3

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. Legih) (dBA) 69.9 75 71.6 76.7 63.2 70.1

19. £*,(/>> (dBA) 76.2 77.9 70.9

20. As (dBA) Fig. 8

21. Z.«,(/i) (dBA)

22. t-egih) (dBA)

23. /VD/S (m/km) 2740 288 2115 223 1985 209

24. (Z. 10 -t«,),(dB) Fig. 15 1.5 + 3 +1.5 +3.5 +2 +3

25 L r0 (h)j (dBA) 71.4 78.3 73.1 80.2 65.2 73.1

26. i. 10 (A) (dBA) 78.9 81.0 73.8

27. i 10 (/i) (dBA)

Table 17-1. Noise Prediction Worksheet

•

(
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PROBLEM 18

What would be the I.L. at Station 1 (Problem 17) if the barrier occupied the position

shown in Figure 18-1 below.

Equivalent Land (Infinite highway)

Wall and
"i Berm

Figure 18-1

SOLUTION

Two sets of calculations must be made. The first set deals with the sound level at the

station without the barrier. This level is identical to the level computed for Problem 17

without the barrier. In the second set of calculations, the sound level after the barrier

is built must be computed. To do this the roadway must be broken down into 3 seg-

ments. Refer to Figure and the sketch above.

Segment I ^ = -90°
</> 2

= -60°

Segment II
X

= -60°
<p 2

= +60°

Segment III
X

= +60°
2

= +90 °
•

Sound Level at Station 1 Without the Barrier

See Table 1. This level is identical to that computed in Problem 17 for Station 1

without the barrier.

SEGMENTS I AND III

Refer to Figure 5, Figure 7, and sketch of the problem. All angles are measured from
the perpendicular between the observer and the roadway. Thus in Segment I,

<t> 1
= -90°, <p 2

= -60°. In Segment III, <$> x
= 60°,

2
= 90°. Figure 7 indicates that

the adjustment factor for finite length roadways for absorbing sites is -11.0 dBA in

both cases. This is because the segments have the same relative position. Note that for

a 30° segment located anywhere else, the adjustment is different.

For example if
(fi 1

= -30, </> 2
= 0, then the adjustment is -8.0 dB.

See Table 18-1 for values.

(Continued)
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PROBLEM 18 (Continued)

SEGMENT II

Step 1. D = 25.99 (Based on barrier position).

Step 2. See Figure 5. 4> l
= -60°, <p 2

= +60°.

Step 3. Because of the barrier, use 10 log (DQ /D) for the distance adjustment factor.

Step 4. Finite length roadway adjustment

10 log
(rf{f)=

-1-8 dB.

Step 5. See Figure 10. <pL = -60, 4>R = +60.

Step 6. See Problem 17 (with barrier).

Step 7. Barrier tables. <pL = -60, (pR = +60

AB (Auto): 1. "

[*
-12.2 ^j

X
-2.81j

1.41. > 1.0 -15.0

2.0

X
= — x = -1.2

-2.8

therefore AB (Auto) = -13.4 dB

AB (H. Trucks) = -10.9 dB.

Step 8.

L pAh) = 10 log [10 6 - 80 + 10 6 - 74 + 10 6 - 80
]

= 72.6 dBA

I.L. = 77.9 - 72.6 = 5.3 dBA

(Continued)
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PROBLEM 18 (Continued)

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 18

w/o BARRIER SEGMENT I SEGMENT II SEGMENT III

1. LANE NO/ROAD SEGMENT STA. 1, HUN 4
HT 3.05 m W/BARRIER

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 6493 683

4. S(km/h) - 85 _

5. Dim) 27.71 27.71 2559 27.71

6. 0, (degrees) Fig. 5 -90 -90 -60 +60

7. 02<degrees) Fig. 5 +90 -60 +60 +90

8. (Z7)£, (dBA) Fig. 2 71.1 86.

9. 10 LOG (NiD ISi) (dB) Fig. 3 30.6 20.8

10a. 10 LOG (D ID) (dBA) Fig. 4 -2.4

10b. 15 LOG (D /D) (dBA) Fig. 4 -4 -4 -4.

11a. 10 LOG (i/b(0 1 .02 )/7r) (dBA) Fig. 6 -1.8

11b. 1OLOG(i// l/2 (0l.02)/T)(dBA) Fig. 7 -1.1 -11.0 -11.0

12.
<j>l_

(degrees) Fig. 10 -60

13. 0A (degrees) Fig. 10 +60

14. fit, (metres) Fig. 9 .44 .22

15. ND Eq. 18 1.41 .71

16. Afl (dBA) Appendix B -13.4 -10.9

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. L^ih) (6BA) 71.6 76.7 61.7 66.8 59.1 66.7 61.7 66.8

19. i«, (/)) (dBA) 77.9 68. 67.4 68.

20. As (dBA) Fig. 8

21. Leqih) (dBA) 72.6

22. £«,(/>) (dBA)

23. ND/S (m/km)

24. (Z. 10-i«,)/(dB) Fig. 15

25. Ly (h)i (dBA)

26. Z. 10 (/>) (dBA)

27. i 10 (/)) (dBA)

Table 18-1. Noise Prediction Worksheet
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PROBLEM 19 *
Refer to Research Report FHWA-RD-76-54, "Noise Barrier Attenuation: Field Experi-

ence," Site 02, I605-STA-769 (Page B-3). Compute the noise level at the reference sta-

tion based on Run 2. Compute the I.L. at Station 1, Height—9.0' for Run 2. This is a

hard site.

REF.STA.
SCALE 1" = 12.19m

SB

STA. 1

14.63 m

4 @ 3.66 m

NB

10.97 m
*<-

14.63 m

4 @ 3.66 m

Figure 19-1

2.74 m

7.01 m

TRAFFIC DATA
(Page C-3) Run 02

SB NB

VA = 4056 vph

Vv 66 vph

VA = 3527 vph

61 vph•j_jrp - oo vpn ^HT =

S = 103 km/h (Note: Use 100 km/h)

VA (Total) = 7583 vph

VHT (Total) = 127 vph.

(a) Compute the Noise at the Reference Station

See Table 19-1.

Leq (h) = 79.6 dBA calculated

Leq(h )
= 78.5 dBA measured (Page D-3)

(b) Compute the I.L. at Station 1, Height = 9'

(

Leq (h) 77.3 dBA calculated without barrier

^eo(^)
= 75.9 dBA measured without barrier

^egW = 65.1 dBA calculated with barrier

L (h) = 63.2 dBA measured with barrier

(c) I.L. = 77.3 - 65.1 = 12.2 dBA calculated

I.L. = 75.9 - 63.2 = 12.7 dBA measured

Note: Since this is a hard site, the barrier attenuation and the field insertion loss are

equal - (Continued)
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PROBLEM 19 (Continued)

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 19

REF. LEVEL STA. 1 W/O STA. 1 W/BARRIEF

1. LANE NO./ROAD SEGMENT RUN 2 BARRIER, RUN 2 RUN 2. HT - 9'

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 7583 127

4. S(kmAi) - 100 -

5. D(m) 20.04 34.46 33.14

6. 0, (degrees) Fig. 5 -90

7. 02 (degrees) Fig. 5 +90

8. (Z7)£, (dBA) Fig. 2 73.8 87.7

9. 10 LOG (NjD ISj) (dB) Fig. 3 30.6 12.8

10a. 10 LOG (0o /D) (dBA) Fig. 4 -1.3 -3.6 -3.4

10b. 15 LOG (D /D> (dBA) Fig. 4

11a. 1OLOG(&(0 1 .02 )/7r)(dBA) Fi9-6

11b. 10 LOG (^ 1/2 (01.02)/"') WBA) Fig. 7

12. 4>L (degrees) Fig. 10 -87.4

13. 0A (degrees) Fig. 10 +87.4

14. ^V, (metres) Fig. 9 .70 .49

15. AV Eq. 18 2.30 1.61

16. As (dBAI Appendix B -13.2 -11.7

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25
j

-25 -25 -25

18. £«,(/>) (dBA) 78.1 74.2 75.8 71.8 62.6 60.2

19. £«,</>) (dBA) 79.6 77.3 64.6

20. A* (dBA) Fig. 8

21. *.«,(/)) (dBA)

22. £«,!/>) (dBA)

23. ND/S (m/km) 1520 25 2613 44 2513 42

24. U-lO-^l/ldB) Fig. 15 +2 +3 +1.5 +3 +1.5 +3

25. t 10 (/>), (dBA) 80.1 77.2 77.3 74.8 64.1 63.2

26. Z., (/J) (dBA) 81.1 "9.2 66.7

27. /. 10 (/)) (dBA)

Table 19-1. Noise Prediction Worksheet
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PROBLEM 20

Refer to Research Report FHWA-RD-76-54, "Noise Barrier Attenuation: Field Experi-

ence." Site 06: 194-STA-213. Use two equivalent lanes, soft site. Note: Berms add
3 dBA to the attenuation.

(a) Compute the noise level at the reference station based on Run 3.

(b) Compute the insertion loss at Station 2, height = 1.52 m, Run 3 assuming that

the earth berm is infinitely long.

(c) Compute the insertion loss at Station 2, height = 1.52 m, Run 3 for an earth berm
that subtends the following angles 4>L = -50°, (pR = +70°.

SCALE 1" = 12.19 m

SB
2.44 m

NB

10.97 m 10.97 m 10.97 m 21 .64 m

Ref. Sta.
STA. 2

.

J
1.83 m

J
1.52

7.62 m 7.62 m

Figure 20-1

SOLUTION

See Table 20-1.

(a) Reference Station

Leq(h ) = 72.1 dBA calculated

Leq(h )
= 71.8 dBA measured,

(b) Lpn {h) (Before) = 70.9 dBA calculated

Lpn (h) (Before) = 70.7 dBA measured

Leq (h) (After)

Leq (h) (After)

65.8 dBA calculated

63.4 dBA measured

I.L. = 70.9 - 65.8 = 5.1 dBA calculated

I.L. = 70.7 - 63.4 = 7.3 dBA measured

(c) LpJh) = 10 1og[1063 + 10 6 - 38 + 10 5 - 85
] = 67.1 dBA

I.L. = 70.9 - 67.1 = 3.8 dBA calculated.

(Continued)
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PROBLEM 20 (Continued)

NAME.
DATE .

PROJECT DESCRIPTION PROBLEM 20

REFERENCE STATION STATION 2. HT=1 ,52 m STATION 2. HT = 52 m

1. LANE NO./ROAD SEGMENT NB RUN 3 SB-RUN 3

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 498 192 558 96

4. S(km/h) _ 100 _ _ 100 _

5. D(m) 34.65 56.57 42.21 64.21 42.12 64.18

6. <Pi (degrees) Fig. 5 -90 -90

7. 02 (degrees) Fig. 5 +90 +90

8. (£)£; <dBA) Fig. 2 73.8 87 7 73.8 87.7

9. 10 LOG (NiDoISi) (dB) Fig. 3 18.7 146 19.2 11.6

10a. 10 LOG (0O /D) (dBA) Fig. 4 -4.5 6 3

10b. 15 LOG (D /D) (dBA) Fig. 4 -5.4 -8.6 -6.7 -9.5

11a. 10 LOG (i/t,(0i,02)/JT) (dBA) Fig. 6

11b. 1OLOG(i// l/2 (0i.02)/7r)(dBA) Fig. 7 -1.2 -1.2 -1.2 -1.2

12.
(j>l_

(degrees) Fig. 10 -90 -90

13. 0a (degrees) Fig. 10 +90 +90

14. So (metres) Fig. 9 .11 .02 .07 .02

15. No Eq. 18 .35 .06 .22 06

16. As (dBA) Appendix B -10.7 -8.6 -10 -8.6

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. Legih) (dBA) 60.9 70.7 58.2 64.5 59.6 69.4 57.3 63.6 [52.3
I

64.2 51.7 59.4

19. Leg (/)) (dBA) 71.1 65.4 69.8 64.5 64.5 60.1

20. As (dBA) Fig. 8

21. /.«,(/)) (dBA)

22. /.„,(/)) (dBA) 72.1 70.9 65.8

23. ND/S (m/km)

24. U-10-W, <dB) Fig. 15

25. Lw (h)j (dBA)

26. Z. 10 (/>) (dBA)

27. i 10 (/») (dBA)

Table 20-1. Noise Prediction Worksheet

(Continued)
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PROBLEM 20 (Continued)
i

NAME.
DATE

PROJECT DESCRIPTION PROBLEM 20(C) FINITE LENGTH BARRIER

SEGMENT I SEGMENT II SEGMENT II

1. LANE NO./ROAD SEGMENT NB SB NB SB NB SB

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 498 192 5S8 96

4. S(km/h) - 100 - - 100 -

5. D(m| 42.21 64.21 42.12 64.18 42.21 64.21

6. 0, (degrees) Fig. 5 -90 -90 -50 -SO 70 70

7. (/^(degrees) Fig. 5 -SO -50 70 70 90 90

8. (Z^)e, (dBA) Fig. 2 73.8 87.7 73.8 87.7

9. 10 LOG (NjD /Si) (dB) Fig. 3 18.7 14.6 19.2 11.6

10a. 10 LOG (D /D) (dBA) Fig. 4 -4.5 -6.3

10b. 15 LOG (D ID) (dBA) Fig. 4 -6.7 -9.5 -6.7 -9.5

11a. 10LOG(i/b(</>i.<fcl/jr)ldBA) Fig. 6 -1.8 -1.8

11b. 10 LOG (i//)/2 (</>i.<fe)/7r) (dBA) Fig. 7 -9.2 -9.2 -13.6 -13.6

12. t (degrees) Fig. 10 -60 -50

13. <t>ft (degrees) Fig. 10 +70 +70

14. On (metres) Fig. 9 .11 .02 .07 .02

15. No Eq. 18 .35 06 .22 .06

16 Afl (dBA) Appendix B -11.6 -8.8 -10.6 -8.8

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. Legih) (dBA) 51.6 61.4 49.4 55.6 49.6 62.2 49.4 57.4 47.1 56.9 44.9 51.2

19. Leg (/?) (dBA) 61.8 56.6 62.4 58. 57.4 52.1

20. As (dBA) Fig. 8

21. /.«,(/)) (dBA)
,

22 LeaW (dBA) 63. 63.8 58.5

23. /VD/S (m/km)

24. «-l0-^)/(dB) Fig. 15

25. £.,0<HWBA)

26. i 10 (/i) (dBA)

27. i 10 (/>)(dBA)

Table 20-2. Noise Prediction Worksheet
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Appendix A

TRAFFIC NOISE MODEL FOR UNIFORMLY FLOWING (CONSTANT SPEED) TRAFFIC

The object of this appendix is to present a means whereby, given certain traffic flow informa-

tion, it is possible to calculate or predict the equivalent sound level, Leq , for uniformly flowing

traffic. This objective will be accomplished through the development of an Leq noise prediction

model. In developing this model, the following steps will be taken:

Step 1 —An expression will be derived that specifies the position of a single vehicle on a flat,

infinitely long highway, as it passes an observer adjacent to the highway.

Step 2 — Using first principles of acoustics, the equivalent sound level for a single vehicle will

determined.

Step 3 — Noise level statistics for real traffic flows will be incorporated to expand the single

vehicle model to cover actual traffic situations.

Step 4 —A correction factor for finite length roadways will be derived.

Step 5 — An excess attenuation factor will be developed to take ground cover effects into

account.

Step 6 —The final step will be to summarize the L noise model in two equations and illus-

trate their use through an example.

Step 1. Single Vehicle on a Single-Lane Highway

Consider a single vehicle traveling with a constant speed, S, past an observer situated next to a

straight, flat, infinitely long, single-lane roadway as illustrated in Figure A-l. In the illustration, D
is the perpendicular distance from the observer to the roadway centerline, and R is the distance

between the observer and the vehicle. Since it is assumed that the vehicle is traveling with constant

speed, R will vary continuously with time.

Figure A-1. Relationship Between Observer and Vehicle

A-l



To mathematically specify its time dependence, consider the plan view of the site shown in

Figure A-2. For convenience, the time frame is defined such that t (t is the time in seconds) is equal to

zero when the vehicle is closest to the observer, that is, t = when R =D. When t > the vehicle has

moved some distance x, which is simply the speed of the vehicle, S, multiplied by the time, t. Thus
the observer-vehicle distance is given by the expression,

R V# 2 + x 2 = ^D 2 (Sty (A-l)

I

:<0 t = t>0

rrnTT^-rrnn

OBSERVER

Figure A-2. Plan View of Relationship Between Observer and Vehicle

Step 2. Equivalent Sound Level for a Single Vehicle

Having specified the source-observer distance relationship for this simple site, some acoustic

considerations may now be introduced. The first major assumption is the noise characteristics of

the single vehicle are adequately represented by an acoustic point source. With this assumption,

first principles show that the relationship between the mean square sound pressure, CP2
>, at some

distance R, and the reference mean square pressure, (P >, radiated by the point source vehicle at

some reference distance D is given by

D z

(P2 ) = (P
2)— =
R 2

<P
2

)

Dt

d 2 + (Sty

(A-2)

To insure the validity of the point source vehicle model, limits must be placed on the minimum
reference distance D . Intuitively, as the observer gets closer and closer to the vehicle (decreasing

D ), the vehicle looks less and less like a point source and more and more like an extended source.

When this begins to happen, the mathematical statement of the point source assumption (Equa-

tion (A-2)) breaks down and is no longer valid. Practically, the reference distance should not be less

than 15 metres, and as a matter of practice 15 metres is usually the distance at which the reference

measurements are taken. By applying this restriction, it is implied that the minimum observer dis-

tance, D, should also be 15 metres.

To calculate the time dependent sound pressure level, L, for the moving vehicle, recall the

definition of sound pressure level,

L = 10 log
<P2 )

<ifef>

dB (decibel) (A-3)

A-2



where = means 'defined";Pref is the reference pressure and is equal to 2 X 10-5 pascal (Pa).

Applying this definition to the mean square pressure radiated by a point source vehicle (Equa-

tion (A-2)), the sound pressure level, L, at the observer is given by:

L = 10 log -^-L = 10 log

<P
r

2
ef )

Dt(P
2

)

</?ef > D2 + (St)
2

(A-4)

Using the rule log 045) = log A + log B, Equation (A-4) may be written

and finally,

where

10 log
(P

2
o>

+ 10 log
d:

L = L + 10 log

D 2 + (St)'

D

d 2 + (Sty

(A-5)

(A-6a)

10 log
<jg>

(A-6b)

In highway work, L , is called the noise emission level of the vehicle and is referenced to the

distance DQ . In general L will depend on the vehicle class (car, truck, bus, etc.) and the vehicle

speed. Equation (A-6) gives the sound pressure level that would be measured by the observer situated

D metres away from the roadway. DQ and L are constants, and since R 2 =D 2 + S2
t
2

, Equa-

tion (A-6) is essentially of the form

L = constant + 10 log— .

R 2

As the source-observer distance R increases, the sound level L decreases. For each doubling of

source-receiver distance, L will decrease by 6 decibels, i.e., 10 log (1/2
2

) = -6 dB.

EXAMPLE PROBLEM NUMBER 1

Problem: Suppose the emission level LQ at 15 metres for an automobile traveling at

80 km/h is 67 dBA. Investigate the sound level as a function of distance and time.

Determine at what source-receiver distance the vehicle's sound level will be 10 dBA
below an existing sound level of 50 dBA. (The sound pressure level and the sound level

have the same meaning.)

Solution: The sound level for a single vehicle is given by Equation (A-6),

L = L + 10 log
Di

d 2 + (sty

(Continued)
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EXAMPLE PROBLEM NUMBER 1 (Continued)

and from the information in the problem, we know

L = 67dBA

D = 15 m

S = 80 km/h = 22.2 m/s

so that

L = 67 + 10 lot
15 2

£>2 + (22.2
2

Using the relation log {A IB) = log A - log B, the last expression becomes

L = 67 + 10 log 15 2 - 10 log [D 2 + (22.2
2
]

L = 90.5 - 10 log [D2 + (22.2t)
2

] dBA.

(a) In terms of source-receiver distance, replace [D 2 + (22.2t) ] byR 2
,

L = 90.5 - 10 log R 2
.

When R = 75 m the sound level is

L = 90.5 - 10 1og(75) 2 = 53.0 dBA

and when this distance is doubled, R = 150

L = 90.5 - 10 log (150)
2 = 47.0 dBA

which illustrates the 6 dB doubling of distance attenuation rate inherent in a

point source.

(b) In terms of time and vehicle speed we return to

L = 90.5 - 10 log [D 2 + (22.20 2
]

If the observer is 30 m from the roadway,

L = 90.5 - 10 log [30 2 + (22.2 1)
2

] .

When t = 0,

L = 90.5 - 10 1og[30 2
] = 61.0 dBA,

(Continued)
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EXAMPLE PROBLEM NUMBER 1 (Continued)

and after 15 seconds

L = 90.5 - 10 log [30 2 + (22.2 X 15)
2

] = 40.0 dBA

.

When t = and the observer is 15 m from the roadway the sound level and the

noise emission level are equal,

L = 90.5 - 10 1og[15 2
] = 67.0 dBA.

(c) To determine the distance at which the vehicle's instantaneous level is 10 dBA
below the existing sound level of 50 dBA, calculate R when L = 50 - 10 =

40 dBA,

L = 90.5 - 10 log/? 2

40 - 90.5 - 10 log R 2

, d2 90.5 - 40 _ __
\ogR z = jt: = 5.05

R = VlO 5 - 05 ^ 335 m

Thus, when R = 335 m, L = 40 dBA.

It is important to realize at this point in the analytical development, that the decrease in sound

level radiated by the point source vehicle with increasing source-observer distances is due solely to

geometric spreading of the sound waves and does not include any sound level attenuation resulting

from atmospheric absorption or ground cover effects. As seen in the first example, geometric spread-

ing results in a 6 dB decrease in the instantaneous sound level per doubling of the source-receiver

distance when the vehicle is treated as a point source.

EXAMPLE PROBLEM NUMBER 2

Problem: Using the information provided in Example Problem 1, plot the time history

of the sound level between t = -15 seconds and t = +15 seconds for an observer sit-

uated 15 m from the roadway. Take the existing sound level into account.

Solution: From Problem 1, extract the expression relating the level and time,

L = 90.5 - 10 log [D 2 + (22.2t)
2

]

where D will now equal 15 m. Table A-l shows the calculation of the total sound level

at various times taking into account the existing sound level. These values are used to

construct Figure A-3.

(Continued)
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EXAMPLE PROBLEM NUMBER 2 (Continued)

Table A-1. Computation of Instantaneous Sound Pressure Levels for Various Times

Q
Time

L = 90.5 - 10 log [152 +22.22 *2] dBA
T

Ex
f

t

?S A T ^LSeconds &
Level, DBA Level, dBA

.5

1.0

1.5

2.0

2.5

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

13.0

15.0

67.0

65.1

61.9

59.2

57.1

55.3

53.8

51.4

49.5

48.0

46.6

45.5

44.5

43.6

42.7

41.3

40.0

50 67.1

50 65.2

50 62.2

50 59.7

50 57.9

50 56.4

50 55.3

50 53.8

50 52.8

50 52.1

50 51.6

50 51.3

50 51.1

50 50.9

50 50.7

50 50.5

50 50.4

15

COMBINED LEVEL

LEVEL DUE TO VEHICLE ALONE

-10 -5 5

TIME, SECONDS

Figure A-3. Combined Sound Level Envelope Recorded by an Observer 15 m from the Roadway

Figure A-3 shows that the presence of the existing sound level can significantly alter

the sound envelop of the passing vehicle.
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Equation (A-6) permits the calculation of the sound pressure level at any observer location as

the vehicle moves along the roadway. A quantity of considerably more interest, however, is the

equivalent sound level associated with the traverse of the vehicle. The equivalent sound level is

representative of the level of average intensity for the time period under consideration. Specifically,

the equivalent sound level of the mean square pressure <P"> is defined as

Leq
^ 101

1 fog — (P2 )

(P;
2

>
ef ;

dt dB (A-7)

where t'2
~ t'± is the time interval of interest. Before this noise metric (the equivalent sound level) is

applied to the highway problem, consider calculation of the equivalent sound level in the case of a

transient noise in the presence of a continuous but constant ambient sound level (similar to Example

Problem 2 in which the level due to the vehicle (transient) was observed in the presence of the

existing level). With reference to Figure A-4, the mean square pressure, (P2 ) is approximately

(P2 ) a
(P\x + (P\ h <t<t,

<P\
(A-7a)

elsewhere

where (P2 )ex is the existing sound level and (P2 )^ is the transient sound level. The equivalent sound

level over the period (t[, t'2 ) is calculated as

'eq

1 r 2

10 log -i— (P2 )

(Pr
2
ef )

dt (A-7b)

Leq
- 10 log - r'1 <p >ex r—— dt +

J
f

' (P2 f ) J
t<! " ref

'

'i

*2 (P2 LV + (P2 )
tr

<^ef>

dt +
*2 (P\

dt

<^.f>

(A-7c)

Q _L

D
O
to

tl' t!

TIME BAND OF EFFECTIVE
CONTRIBUTION BY TRANSIENT

t2 »2

TIME-

Figure A-4. Combined Sound Level Envelope Showing the Influence of the Existing

Sound Level on the Transient Sound Level Envelope

A-7



Since the existing mean square pressures are constant, they may be taken outside each integral,

so that

Leq = 10 log

t2 t 1

(P2 )

+ (to -to) —
(P2 )

Combining terms,

<P2 )ex rh (P\
+ (t 2 ~t 1 )

--~ + / —dt

Leq = 10 log-

or

^reP \ ^ref^

(f2-f'l)
<P2 )C

(A-7d)

'2 (P2 )
te

eft

^ref^ ^ ^ref^

(A-7e)

'eg 10 log

(P2ef >

f2 </>
2

>fl r' 2 ^tr
df (A-7f)

This last expression indicates that the total equivalent sound level is calculated by computing the

contribution from the transient signal between (f l5 12 ) averaged over the time interval of interest,

T = t'2
- t\ and adding it, on an energy basis, to the existing sound level.

Applying this principle, the equivalent sound level associated with the traverse of a point

source vehicle between the points x 1
= St-^ and x 2

= St2 can be calculated. For the averaging

interval T, which will be greater than or equal to the interval t 2
- t x ,

the equivalent sound level is

Lea = 10 log'eg /
(P2 )

(P2e{ )

dt (A-8)

Leq ~
i rh

10 log ^ J

(P
2
o) D2

(P?ei> D 2 + (St)'

dt. (A-8a)

As a rule, the greatest portion of acoustic energy received by the observer from the moving

vehicle takes place when the vehicle is closest to the observer, usually a few seconds either side of

t = 0. (Inspection of the graph in Figure A-3 of Problem 2 shows this to be true.) As the receiver

moves further away from the roadway, this time band becomes wider, that is, the vehicle contributes

significant amounts of energy relative to its peak level over a longer period of time. This concept is

illustrated in Figure A-5. Note that it takes the 15 m receiver's level 3.5 seconds to drop 15 dBA be-

low its peak value of 75 dBA, about 6.9 seconds for the 30 m level to drop 15 dBA below its 69 dBA
peak and much greater than 10 seconds for the level at 120 m to fall 15 dBA below its 56.9 dBA
peak. If one considers integration as a summation, it is clear from the figure that it takes increasingly

greater lengths of time for the more distance receivers to record the significant portions of a passing

vehicle's sound level. A mathematical statement of this observation is that when

t, < < t. and
St_

D » 1 (A-8b)
I
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RECEIVER AT 15m

-10 -5

75 -

.

152

70
L=yb + <ULUb

D2 + (24t)
2

1/ 30 m\

65

60

^*0*000̂ 120 m
55

50-

i I 1 1

TIME, SECONDS

10

Figure A-5(a). Sound Level and Envelope Recorded by Observers 15 m,

30 m and 120 m from the Roadway

4 6

TIME, SECONDS

Figure A-5(b). Graph of Difference Between Peak

Pass-By Sound Levels and the Time Dependent Levels

as a Function of Time for Receivers at 15 m, 30 m,

and 120 m
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the following approximation may be used,

J
* u>i) D

dt
(P£) D

dt

\ U?e f> D* + (Stf J— r̂

2
ef> D* + (Stf

Thus, for a sufficiently long averaging time, T, the following equation may be written

1 f
c

Leq
= 10 log

^ J

<%> Di

<A
2
ef> d* + (sty

dt

Bringing the constant terms outside the integral and factoring out an S2

)2\ i-»2 ,,oo

i <Po) Di i

L^
= 10 log

T ^TS Ti" J
dt

Using integral tables

<Pfe{ ) S* ^-oo (D/5)
z

+ f2

df

'_ a
2 + t

2 a

Let a = (D/S) in Equation (A-10), there results

Leg 10 log
T (p

r

2
ef>52 0.

After canceling terms, (A-ll) may be expanded,

L eq 10 log
(P2ef >

TlD,
+ 10 log -^ + 10 log

a
D

(A-8c)

(A-9)

(A-10)

(A-ll)

(A-12)

Recalling the definition of the noise emission level for a single vehicle, Equation (A-12) can be re-

written as

Leq = L o
+ 10 10

irD,

g ~gf
+ 10 log D (A-13)

The last result is an expression which permits one to calculate the equivalent sound level for a single

vehicle traversing an "effectively infinite" roadway. The phase "effectively infinite" is used because

of the approximation made in evaluating the integral in Equation ( A-8). This expression is valid for

any consistent set of units.
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EXAMPLE PROBLEM NUMBER 3

Problem: Using the information in Example Problems 1 and 2, calculate the equivalent

sound level for 15 minutes, and one hour for an observer 40 m from the roadway. Cal-

culate the minimum stand-off distance for a 5 minute L to be below 40 dBA.

Solution: Using Equation (A-13) insert the proper quantities

'eq L + 10 log -w + 101°ghr

'eq

'eq

= 67 +10l°zM2 + 101^(-

= 66.0 - 10 log T.

15

40

(a) For the 15 minute Lea , check the validity of the inequality

» 1
St

D
tv t2

if the L
e

is symmetric about the passage of the vehicle then,

l -T
D

22.2 X yX 60

40
=* 250 » 1

Therefore,

LeQ = 66.0 - 10 log T

may be used to calculate the 15 minute equivalent sound level. Note that the

equivalent sound level now only depends on the time period of interest.

'eq

'eq

66.0 - 10 log (15 X 60) = 36.5 dBA

66.0 - 10 log (60 X 60) = 30.4 dBA

These L values just calculated are artifically low. When the contribution from

the ambient (50 dBA) is added to these values,

Leq
= 10 log [10 3 - 65 + 10 5

] = 50.2 dBA

Leq = 10 1og[10304 + 10 5
] = 50.0 dBA.

It is important to remember that these Le
values are based on the passage of one

vehicle during the time interval.

(Continued)
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EXAMPLE PROBLEM NUMBER 3 (Continued)

(b) To calculate the minimum stand-off distance, first check the validity of the

inequality

Sit

D » 1

I 7- X 60

D
3,330

D » 1

which is valid for D, say less than 65 m, so proceed to solve Equation (A-13)

forD,

ttD (D \

Leq = L + 10 log
~Yg-

+ 10 log
y-fi-J

Leq = L + 10 log [-Wf)

10
= log

Dfa nDl
Leq -L

irDi

Substituting the proper values

-n lb 2

SDT ' SDT

Lo-Leq

= 10 1°

D =
22.2 (5 X 60)

67-40

10 10 53 m

<

Step 3. Noise Level Statistics for Uniformly Flowing Traffic

In steps 1 and 2 the instantaneous and equivalent sound pressure levels were derived for a single

point source vehicle. The single vehicle model must now be expanded to a multivehicle model capa-

ble of addressing real traffic flows.

Following essentially the same development as before, the first requirement is to specify the

total sound pressure level for a flow of, say N, vehicles. Since uncorrelated noise sources are added

on an energy basis (or in practical terms, a (P2
) basis), the total mean square pressures associated

with the N vehicles is

N
(P2 )T0T = (P2

) 1
+ <p2>

2
+ ... + (P2 )N =

J2
(P2 )

t
. (A-14)

i=i

Now, the mean square pressure from each vehicle will have the general form expressed in Equation

(A-2), so for the ith vehicle in the flow

(P2 )
t
= (P2 )

Dl

D 2 + (SitiY

A-12

(A-15)



where (P% > is the reference mean square pressure, Sj is the ith vehicle's speed, and t\ is the time frame

for the z'th vehicle, arranged so that when t\ = 0, the ith vehicle is closest to the observer. Because

the vehicles are usually randomly spaced along the roadway, the time frame for each vehicle will be

different, that is they pass the coordinate origin at different times. If t
t
is the time at which the /th

vehicle passes the origin, (A-15) may be recast in the form

(P2 >,

D*
0*>,

' D 2 + Sfit-tf

where t\ = t - t
{

. Thus the total mean square pressure is

Dl

(A-16)

(Pz ),TOT

N

f=i D A + Sfit-tfY

(A-17)

For a sufficiently long averaging time T (the requirement being that all N vehicles pass the

observer in the interval T), the equivalent sound pressure level is obtained from

1 fLeq = 10 log y J

<P2 >TOT

tf?.f>

dt. (A-18)

Substituting Equation (A-17) into Equation (A-18)

Leq = lOloi
i r " (Ph.

£
D2
J-/ o

dt (A-19)

_£! <Phf> D 2 + Sf(t-t
t )

Exchange the order of integration and summation, and make the substitutions £,- — £ — £,-, d%; = c?f

Leg = 10 log -^- 2^r
frt </?ef > .L. d 2 + sM

(A-20)

recalling again that

dt

a
2 + f

2 a

where a = (D/Sj), the above expression simplies to

LJeq

j = l ^ref ; ^i

or

L„„ = 10 log -r^r J2'eq DT Z_
(
»2 > $

*

(A-21)

(A-22)

If the vehicle speeds are identical for each of the N vehicles passing the observer in the integration

interval T, and if the reference mean square pressures are also identical for each vehicle, (A-22)

becomes

D 2
ir N <p2>

Leq
- 10 log £jjr -g -

(P/ef )

(A-23)

A- 13



EXAMPLE PROBLEM NUMBER 4

Problem: To illustrate the vehicle spacing model in an example, consider three vehicles

passing an observer situated 30 m from the roadway. Traveling at different speeds, the

emission levels are as indicated

:

»

Vehicle

1

2

3

Speed, km/h (m/s)

89 (24.7)

80 (22.2)

77 (21.4)

Emission Level, dBA

75
72
71

Suppose when the second vehicle is closest to the observer, vehicle 3 had already passed

three seconds before and vehicle 1 is due to pass in four seconds. Investigate the indi-

vidual and combined sound level envelopes recorded by the observer. Also illustrate

the distance relationship among the vehicles as a function of time.

Solution: As implied by Equation (A-15), the time dependent sound level of each

vehicle will be of the form

L
t
= (LQ ). + 10 log

15 2

2/V\230 2 + Sf(t'i)

Then from Equation (A-16), for vehicle 1 due to pass in four seconds

15 2

L
1

= 75 + 10 log

30 2 + 24.7 2 (£-4)'

For number 2, closest to the observer

L
2

= 72 + 10 log
15 2

30 2 + 22.2 2
£
2

and for vehicle 3 which passed three seconds before,

15 2

Lo = 71 + 10 log

_30 2 + 21.4 2 (f + 3)'

The observer will record the combined level of the three vehicles,

L
l

L 2
L
3

LTOT = 10 log [_10
10 + 10 10 + 10 10

J dBA

(Continued)

•
A-14



EXAMPLE PROBLEM NUMBER 4 (Continued)

Figure A-6(a) iiiustrates the distance relationship among the three vehicles as a function

of time. Figure A-6(b) illustrates the individual and combined sound level envelopes.

««fAto» ^4a^M* ^rfittn*

-5 n_ ^ ^

t = SECONDS
r 1

"
i i

-480 m -360 m -240 m

5

i / i
1 i

-120m /30 m 120 m 240 m 360 m
«/ BROADWAY DISTANCE

10

15 m ^ _

Figure A 6(a). Illustration of the Approximate Time-Distance

Relationship of the Vehicles in Example Problem 4

70,-

L-t
= 98.5 - 10 LOG [302 + 24.72 (t-4) 2 ]

L
2
= 95.5 - 10 LOG [302 + 22.22 t

2
]

L
3
= 94.5- 10 LOG [302 + 21.42 (t + 3)

2
]

-5 5

TIME, SECONDS

COMBINED
SOUND
LEVEL

Figure A-6(b). Sound Level Time History of Three Passing Vehicles

A-15



which upon expansion gives

'eq L + 10 log -TS~
+ 10 lo§ Vd (A-24)

Thus, given an identical speed S for N identically noisy vehicles passing an observer situatedD metres

from the roadway, Equation (A-24) permits the calculation of the equivalent sound level under

these conditions. Comparison of Equation (A-13) and (A-24) shows that for identically noisy vehicles,

L eqN
Lea + 10 log AT
'eq (A-25)

where

Lea
= equivalent sound level for N identical vehicles passing the observer in the time interval T'eqN

L = equivalent sound level over the time period T for a single vehicle

N = Number of identically noisy vehicles.

Equation (A-25) shows that the noise metric LeqN is independent of the spacing between vehicles.

Since the noise sources were assumed to be uncorrelated and since Le is a measure of average

energy, the result should have been anticipated.

t

EXAMPLE PROBLEM NUMBER 5

Problem: Calculate the hourly equivalent sound level for a flow of 1580 identical vehi-

cles traveling at 72 km/h (20 m/s) if their noise emission level is 68 dBA and the receiver

is 56 m from the roadway.

Solution: Using (A-24), calculate Le as

'eq L + 10 log
TS

+ 10 log (-^

r ,0l1(l i
15807T X 15 ini /15

Leq = 68 + 10 1og (6Qx60)20 + 10 log {-^

Leq = 62.4 dBA.

The identical vehicle noise model of Equation (A-24) and (A-25) suffers from the fact that real

traffic flows never consist of identically noisy vehicles. To accommodate real traffic flows on a

practical basis, it is necessary to deal with the statistics of the noise emission level distributions of

real traffic flows. In this model, traffic flow will be separated into three distinct classes: auto-

mobiles, medium trucks, and heavy trucks. Within each class the speed dependent noise emission

levels are assumed to be normally distributed with mean L and standard deviation o . Figure A-

7

shows example emission level distributions at different speeds. To shorten the following presenta-

tion, the equations will be developed for only one vehicle class, realizing that with proper substitu-

tion of the mean levels and standard deviations, the equations will be applicable to the other vehicle

classes. #
A-16



90,-

85 -

80

75 -

70 -

65

60

JL

30 40 50 60

Figure A-7. Example Noise Emission Levels as a Function of Speed

Returning to Equation (A-22), assume that all N vehicles within this class are traveling at the

same average speed, therefore,

'eq 10 log
TtDl " ^o

2
>-

O V-
'

TDS La ,p2 v

(A- 26)

It is obviously not practical to determine the noise emission level for each vehicle in the flow. This

problem must be approached from a statistical aspect. In the statistical sense, we want to know the

expected value of the sum, that is, what is the average value of 2[CP|>./CPre f>]. The expected value

of an arbitrary function H(X) of a continuous random variable X with probability density function

fx (x) is given by

E{H(X)}= I H(x)fx(x)dx

where E{ } denotes the expected value of the argument. The problem is to determine

(A-27)

" iPh.
E

i = l ^ref)

Since it has already been assumed that the noise emission levels are normally distributed within each

vehicle class, the probability density function is given by

fx (x) = f£ (L )
=

(L -L f

2ol

^n
(A-28)

A-17



where

L - Speed dependent noise emission level of the /th vehicle. m

L = Speed dependent mean noise emission level for the vehicle class.

o = Speed dependent standard deviation for the vehicle class.

In order to deal with a mean square pressure sum (A- 26) and sound level distributions, the mean
pressures must be expressed in terms of sound levels (that is to avoid comparing apples and oranges).

To make this transformation,

<P*>^2

L 10 log

and

loio =}f^L
<p

r

2
ef >

so that the mean square pressure sum may be written in terms of levels,

E^'JT
{

^J-\=e\ f lOW^. (A-29)

f = l ^reP
J [ i=l

A fundamental theorem of expections shows that

E{H{X) + G(X)} = E{H(X)} + E{G(X)}

Apply this theorem to the problem,

n &V] n r (h

£ 10
Vl0 ^'

? = £] E jlOVl0/(
\

-- NE ^1010

f
(A-30)

where L now represents an arbitrary sample emission level from the vehicle population. Invoking

the expectation theorem (A-27), the probability density function in (A-28), and the result in

(A-30)

,
(L -L )

2

NE I1010 J

N
r— i

1010 e
20

° dL . (A-31)
o \J2ii J.^

Using the relationship

K /lnlo\

IQio = c\ 10
/

° (A-32)

Equation (A-31) becomes

,2
(L -L y

^jloTo"} J^ r e
[-To-)^

e
20I dLo (A_33)

a. \/27r J —

f ^1 iv r fek 2o ;

A-18



With a little algebra the exponents in the integrand can be written as

(L2 + I2-2L L )

.»-;
(L ~L )

2

2a;
= e

lnlO

10 2a;
(A-33a)

= e
2a

o \°o

+
10

' °

+
2a o^

Thus, it is necessary to now evaluate the integral

Ll [L

N
o„V2* r

2ol \ai5
+
-To-y

L o
+
2-^

dLn = ?

Consultation of integral tables gives the relationship

e -(ax
2 + bx + c) dx = ^jJL e

b
2 -4ac

la

Inspection of the integral indicates that the following substitutions should be made

(A-33b)

(A-34)

t
1 u (

L
° Inl °

2a i
10

Then the integral is

integral = exp

2a;

Ve-

in 10Y
4
(l\ Lo

10
/ l2a§J2a2

4
V2al)

2a 2
'

(A-35)

- a \/~2jF exp
L° , Alnl0

2V 9
L o An 10\ ^o

4 10 „2 V 10 / „4
a; a,

= a v^T exp
1 In 10'V 2 + [nJ_0^ r
2 \ 10 /

a
° \ 10

(A-36)

Recalling the multiplicative constants indicated in Equation (A-34) which had been momentarily

dropped,

NE 1010 =
N
\/2lT

o \/2n e

A-19

1/bilOr 2 /In 10..

2\-W) °o
e
[l0-)

L '

(A-37)



This result can now be substituted in (A-26)

Leq = 101°g f \jf ) \ D
1 UD\ (D * " <P2\

L 2
/ = 1 ^reP

<

, v /r% \2 1/lnlOf o IniO^r

with a little rearranging and recognizing that

(A-38)

1*12^2
101oge 2

V
10

/
° = 0.115a?

and that

10 log e

In 10

10 = L.

(A-39)

Equation (A-38) will reduce to

(A-40)

This result is fairly important. Equation (A-40) permits the calculation of the equivalent sound level

generated by a flow of vehicles from a single class traveling on a flat, single lane, infinite highway.

When more than one vehicle class uses the highway, the total equivalent sound level is calculated by

appropriately summing the L
e 's from each class, that is

L = 10 log

eq

,"10,

10
cars + 10

(hk\~frrJmed.
'

' trucks + 10
10

heavy
trucks

(A-41)

EXAMPLE PROBLEM NUMBER 6

Problem: A highway noise survey showed the 15 m automobile mean emission level to

be 74 dBA with a standard deviation of 2.5 dBA at 88 km/h with the medium truck

valued to be 84 dBA and 3.2 dBA at 80 km/h respectively. Calculate the hourly equiva-

lent sound level for a flow of 1250 automobiles and 200 medium trucks per hour for

receivers at 30 and 60 metres.

Solution: Solution of this problem requires separate calculation of the automobile and

medium truck equivalent levels with the final solution obtained by logrithmic summing:

Automobiles—

'eq
L + 0.115 a? + 10 log -j^- + 10 log

Dc

D

2 1250tt(15) 15
74 + 0.115 (2.5) + 10 log

(36Q0)244
+ 10 log^

(Continued)
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EXAMPLE PROBLEM NUMBER 6 (Continued)

:.Leq = 84.7 - 10 log D dBA.

Medium Trucks—

,~ 0,2 200tt(15) 15Leq = 84 + 0.115 (3.2)
2 + 10 1og

(36Q0)222
+ 10 log f-

:.Lea = 87.7 - 10 log D dBA.'eq

Total Leq
-

L
eqTOT = 10 log L10

Lpn
= 89.5 - 10 log D dBA

[" 84.7-101ogD 87.7-101og.Dl

|_io 10 + 10 1.0 J

For a receiver at 30 m

LeqTOT
= 89 - 5 ~ 10 log (30) = 74.7 dBA

and for a receiver at 60 m,

Lea = 89.5 - 10 log (60) = 71.7 dBA.
"tot

This 3 dB attenuation rate per doubling of distance is in contrast to the 6 dB rate en-

countered before and results from the integration of the point source levels. The point

source model has effectively been turned into a line source model.

Step 4. Roadways of Finite Length When There Are No Excess Propagation Losses

The development to this point has assumed that the restraints on calculation of the equivalent

sound level (see page A-8)

tx < < t2 and » 1

have been met. These conditions being fulfilled, it is quite acceptable to make the approximation

dtrh dt s r
c

\ D'z + (Sty J-°° D 2 + (St)
2

With this approximation, the roadway is assumed to be infinitely long in both directions. However,

there are many cases in which this approximation will not be valid. Examples would include curved

roadways, roadway sections hidden by topography, sections where there are significant changes in

traffic volume, speed, mix, etc.

A-21



This problem of sectioned roadways will now be solved. Referring to Figure A-8 for a distribu-

tion ofN single class vehicles traveling with the same average speed over the segment, the equivalent

sound level is given by
I

Lea
= 10 logJ eq

1
N

r

fill
h+ *i <H\ D

dt

=1 \ +ti (P£t>D2 + sHt-ur
(A-42)

RECEIVER

OBSERVER "SEES" ONLY A PORTION OF THE ROADWAY

Figure A-8. Finite Roadway (Segment)

In (A-42), the limits of integration are arranged so that each vehicle passes through the segment, i.e.,

and

S(t-t:)\ = St 21 t=t2+tt

S(t-t:)\ = St-,
'' t=t

1
+ t

i

1

To simplify evaluation of the integral, make the substitution

Sit-ti) = D tan0

in which 4> is defined as the angle in Figure A-8. Since S dt = D sec 2
<p dcp, the integral is trans-

formed to

(A-43)

1.

t
2
+t

i dt

A-22

D 2 a
2 g- sec^

D2 + D 2 tan 2
</>

dcp (A-44)



To further the simplification, use the trigonometric identity tan 2 + 1 = sec 2

D
S

C 2 sec

L D2 (l +(1 + tan 2
0)

d(j>
1 f

2 sec
2

' ^ sec
2

C?0

and after cancelling

1 r02

as /
d<t> -

>2 ~ <ftl A0

(A-45)

(A-46)

Returning to Equation (A-42)

Leq
= 10 log

1 D*A<p » (P2o\
(A-47)

T DS Z_ /P2 v

Implementing the previous statistical treatment for the summation (i.e., Equations (A-29), A-38))

Leq
= 10 log

and with a little arranging

n2A , l[lnlo\ 2
o Lo1

(A-48)

Jeq 10 log

L o 1 /lnlOr 2 /r> \
2

inTo 2VT07 °o NttD £J\ 1_ A0
iU e

S \D T 7T

so that

_ A%D (D \ A0
Leq

= L + 0.115a 2 + 10 log -^ + 10 log (^J
+ 10 log -f

(A-49)

(A-50)

Note again that the equivalent level is independent of the vehicle spacing.

The criteria for determining when a road is infinite now boils down to how well the

approximation

101og^-0

holds. For example, when the roadway subtends 145°, the correction for noninfiniteness is

10 log jg± = -0.94 dB.
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EXAMPLE PROBLEM NUMBER 7

Problem: Consider the scenario indicated in the illustration where automobiles are the

only vehicles present.m Ni ^850 vph Ni + N2^ 1090 vph

91 m

t

38 m

Suppose for automobiles,

L + 0.115 ol = 32 + 30 logS

where S is the vehicle speed in metres/second. If the speeds on the indicated roadway

Segments I, II, and III are 88, 56, and 80 km/h respectively, calculate the hourly equiv-

alent level contributed by each segment to the observer; also calculate the total L .

Solution: Considering the first segment,

warn
88 km/h (24.4 m/s)

N-] @ 55 mph 91 m

(A0)| =-67.3°- (-90°) = 22.7
C

'''? iiM
" 1

(|g- I" G/
'

:

>! = -90

38 m

Using Equation (A-50)

. NttD (D
\ A0

Leq
= L Q

+ 115 ol + 10 log -^5- + 10 log (— ) + 10 lof

L =32 + 30 log S
x
+ 10 log

TO

tfl*J>o

77

rSi
+ 10 log

D,

Di
+ 10 log

A01

N-iir X 15 /15 \ 92 7
Leo

- 32 + 30 log (24.4) + 10 log t^t^TTTT + 10 1og(— ) + 10 log
'eq 3600(24.4) 38

Lea
= 27.9 + 10 log A^

180°

(Continued)
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EXAMPLE PROBLEM NUMBER 7 (Continued)

For Segment II

<^ 30 \
30°>^^v^, 91m \

L

-A/^ ^>A
^P^ ^

38 m

1=-- 1

(f)- 22 - 7
°

2
= -[90° - (30° + 22.7°)] = -37.3°

^yS&
( A0) 2 = -37.3° - (-90°) = 52.7° 0, = -90°

(D \ A0 2
L/gQ ~ <->£ ^ OU lOg Oo T J.U L"s TS2

x " x"s

Leq = 32 + 30 log (15.6) +
iV9 7rX 15

1 lncr 1ftl /15 \ , 1A1 52.7
t- 10 log L_o a + 1° log5

\78.4/
5

180°
g (3600)15.6

Leq = 24.5 + 10 1ogiV2 .

For Segment III

Ni + N 2 H C /BB B0 km/h (22 2 m/s)

^^^^ 91 m

^""^\^ 01

38 m

T
/q \ 1

n^ 2 (A0)
3 ^9O° - -tan"

1

^j
o

= 157.3

Leq
= 32 + 30 1ogS3

+ 10
NoTrD

i-irr 1 1 n Ij-lit

/D \ A0 3

( B;)
+ ioio«

*

TS ^

(N, +N9 )tt X 15 -ic

Leq = 32 + 30 log (22.2) + 10 log
3600 J22>2)

+ 10 log
™

.-.«, 157.3°
+10 log —

g
180°

Leg = 35.5 + 10 log (A^ +iV
2 ).

(Continued)
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EXAMPLE PROBLEM NUMBER 7 (Continued)

For vehicle flows of 850 and 240 vehicles per hour for Segment I and Segment II,

respectively

1. Leq
= 27.9 + 10 log (850) = 57.2 dBA

2. Leq
= 24.5 + 10 log (240) = 48.3 dBA

3. Leq = 35.5 + 10 log (850 +240) = 65.9 dBA

hence,

egTOT
= 10 [10 5 - 72 + 10 4 - 83 + 10 6 - 59

] = 66.5 dBA.

I

Step 5. Excess Attenuation

In deriving the model in Equation (A-50), it was assumed that the sound level attenuation with

increasing receiver-source distance was entirely due to geometric spreading of the sound waves over

a hard flat site. Under certain conditions, this spreading loss (3 dB per distance doubling) is ob-

served in the field. However at many highway sites, field data has shown this rate to be too low.

The observed increase in sound level attenuation rate is primarily due to local environmental factors

(ground cover effects, atmospheric absorption, etc.) and must be considered in the model. To
mathematically specify this effect, the original acoustic expression for the point source vehicle must

be reexamined,

i

D 2

(P2)= (P2 )

R'<

(A-51)

and a modification of the form is postulated:

(P2 )

Specifically the form is modified to

Excess
= (p2\ x

observed geometric

spreading

Attenuation

_ Factor

ed to

(P% = «>i> § (•

D f
Rl

(A-52)

(A-53)

where a is a parameter dependent on the ground cover at the particular site. The sound level is now
calculated by dividing through by the reference mean square pressure and making the logarithmic

transformation,

10 log
<P\

10 log
(Pi) D 2 (D

<P2ef > R 2 R
(A-54)

A-26



Expanding,

La = 10 log -^— + 10 log (— ) + 10 lo
<P$>

<^ef>
R R (A-55)

Since the sound level for a point source exhibiting only geometric spreading isL = L + 10 log

Dq/R 2
, Equation (A-55) may be condensed to give

La = L + 10 lo|
Pi
R (A-56)

When R = D , Equation (A-56) shows that the sound levels at the sites with excess attenuation

are equal to the hard, flat site without excess attenuation no matter what the value of a, that is

hrJ D,

then

La -= L

This attenuation model does not recognize any site dependent differences in noise emission levels.

To better appreciate the effects of the site parameter a, La is plotted in Figure A-9 as a function

of t for several values of a,

To calculate the equivalent sound level of a site characterized by a, it is permissible to utilize

previous developments.

TIME, SECONDS

Figure A-9. Sound Level Recorded by an Observer 60 m from the Roadway for Three Different

Site Types— Hard Site, Absorptive Site, and Very Absorptive Site
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Equation (A-42) can be modified to account for the excess attenuation,

va+2

Leq
= 10 log 10 a" f

•4.

2 /D,

7?
df (A-57)

and since i? = \/D 2 + (S^) , the above becomes, after expanding,

Leq
= L + 0.115a 2

, + 10 log ~ + 10 log
D%a + 2

a + 2
dt. (A-58)

(D 2 +,S2 f
2

)

2

(As indicated before, headway spacing does not affect the equivalent sound level, thus the problem

can be cast in terms of all vehicles passing the origin at the same time.) Working only with the

integral, it is convenient to make the substitution St = D tan and S dt = D sec
2

d<p

./:'

DT 2

a + 2
df = D

r <t>.

r 2
r

D 2 * am
2

-~- sec^ a0

a + 2
d0

1

(D 2 +S2
f
2

)

2 Y1
(Z)

2 + Z)
2
tan

2
0)

2

Since D2 + D 2 tan2 = D2
sec

2
0, the right side of ( A-59) becomes

1*1 "" £Da+1 J
0i ( Sec0)

a
na+2jD T 2 sec

2 0d0 ^>r
2

r
02 ^0

° 5 .
an

1

(£>
2

sec
2
0)

2

and since sec = (cos 0)

r
uo
a + 2 Da + 2

a + 2
<ft = —

-

^a(01,0 2 )ona + 1 " x

(D 2 +S2
£
2

)

2
SD

where

A r 2 a
>M0i,02) = /

(cos0) d<p

(A-59)

(A-60)

(A-61)

(A-61a)

i

Substitution (A-61) in (A-58)

ia + 2

Leq
= L + 0.115a 2 + 10 log f + 10 log -^ a (0 l5 2 )

and with a little rearranging

NirDo (D
Leq

= L + 0.115a 2 + 10 log -^- + 10 log (-^

(A-62)

D,
10 log (~y + 10 log

^a(0l'i 02)
(A-63)
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The first line in (A-63) is recognized as the equivalent sound level generated by a flow of vehicles

from a single class traversing an effectively infinite, flat roadway (Equation (A-40)). The second line

of terms represents distance and visible road length adjustments to be applied when the sites have

excess attenuation.

Various field studies have indicated that a reasonable range for the site parameter a is between

and 1. When a = 0, the site is reflecting (i.e., hard), Equation (A-63) will collapse to(A-50). There

is strong evidence indicating most absorbing sites may be characterized by a ^ 1/2. For a point

source this implies a VA dB sound level drop-off rate, i.e.

Aps
- 101og(l/2)

1/2 + 2 = -7.5 dB

and a 4.5 dB decrease per distance doubling for theLeq level,

AL = 101og(l/2)
1/2+1

=-4.5dB.
eq

Adopting a value of a = 1/2 for absorbing sites,

^l/2(01>02) 1 r<t>2
,— I \/cos0 o?0. (A-64)

This integral is rather difficult to evaluate and so a graph of the factor is presented in Figure A-10 as

a function of 2 with
X

as a parameter. With a = 1/2, the equivalent sound level is now given by

NttD _, (D
Leq

= L + O.llboi + 10 log ^r- + 10 log D

+mi (
D

°\

12

-mi ^1/2^1^2) iAaK ,+10 log \^-q) + 10 log • (A-65)

NttD (D q

If similar terms are combined,

Leq
= L + O.llba'i + 10 log

-fif-
+ 15 log [~^

+lOlog ^ 2(

t
1,02)

dB (A-66)

for the absorptive site. When a = 0, the equivalent sound level is given by

NtxD (D
Leq

= L + 0.115a 2
: + 10 log -j^ + 10 log

[-fr

+10 log ^- dB (A-67)

for the nonattenuated site which is the same as Equation (A-50).
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In using (A-66) and A-67) to calculate equivalent sound levels for roadway segments, it is neces-

sary to properly identify the angles of the segment relative to the receiver. Proper angle identifica-

tion requires use of the rule:

RULE: Roadway angles are left-justified

Figure A-11. Proper Angle Identification of Roadway Segments

EXAMPLE PROBLEM NUMBER 9

Problem: Determine the segment adjustments for the following 3 scenarios, using the

rule indicated in Figure A-11.

1. Completely negative segment

ROADWAY SEGMENT 220 km

200 km

, _i /200 + 220\ „„ ,_

*1
= ~tan

( 200 J

= ~64 - 5

Thus the segment adjustment for the negative segment is

10 log
<t>2 ~ 0]

10 log
47.7° - (-64.5°)

180°
= 10 log

^

/16.8

180
10.3 dB

for the reflective site and

10 log
*l/ 2 (0l>02)

= 10 log
^
1/2

(-64.5°,-47.7°)
11.6 dB

for an absorptive site.

(Continued)
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EXAMPLE PROBLEM NUMBER 9 (Continued)

2. Completely positive segment

200 m
ROADWAY SEGMENT

.,-«,-' f^W
, _i /200 + 250\ „„ „

tf>2 = + tan
1

(—Tio— j

=71 -6

reflective site

A0
7T

71.6° - 53.1°
-) = 10 log 10 log

/18.5
C

absorptive site

10 log
^1/2(^1.02)

10 log

\180

1/2 (53.1
O
,73.6

O
)

-9.9 dB

= -11.2 dB.

3. Mixed segment

165 m 290 m
!

K. *

01

180 m

__02

^ (my
12 , +t8n-1(^ =+58,,

reflective site

A0
10 log — = 10 log

IT
°

58.2° - (-42.5°)

180° 1 180°

absorptive site

10 W^il . 10 ,„§
^^ (

- 42 -5°- 58 -20)
. -2.8 dB
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EXAMPLE PROBLEM NUMBER 10

Problem: Repeat Example Problem Number 7 only now assume the site is absorbing

(a= 1/2).

Solution: Since all parameters other than site type remain the same, subtract the non-

absorbing angular correction and attenuation rate and write immediately,

Segment I:

Leq = 57.2 +
A0! D,

-10 lOg -r^ ~ 10 log -p-

for a =

15 log ^ + 10 log
tf/ 1/2

(-90°,-67.3°)

for a = 1/2

Leq = 57.2 + 9.0 + 4.0 - 6.1 - 12.8 = 51.3 dBA

Segment II:

A0, D,

'eq 48.3 - 10 log + 5 log -=- + 10 log
7T Do

>// 1/2 (-90
o

,
-37.3°)

Leq
= 48.3 + 5.3 - 3.6 - 7.4 = 42.6 dBA.

Segment III:

A0o D <// 1/2 (-67.3°, 90°)
Leq

= 65.9 - 10 log —f + 5 log— + 10 log -JJJ

since V/ i/2( <^
,

i' ^2) =
1/

/ i/2(
_(^2' ~$\)-> we rewrite the above expression,

A0j £>,

Leo - 65.9 - 10 log —- + 5 log -=- + 10 lo
<// 1/2

(-90°, 67.3°)

'eq D<

Leq = 65.9 + 0.6 - 2.0 - 1.5 = 63.0 dBA.

LegTOT
= 101°g [10513 + 10 4 - 26 + 10 6 - 3

] = 63.3 dBA.

(Continued)
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EXAMPLE PROBLEM NUMBER 10 (Continued)
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Two Special Cases

One restriction given in step 2 which limits the application of Equations (A-66) and (A-67) is

that no receiver may be physically closer than 15 m to the roadway. There may be situations how-

ever in which a receiver is close, D« \St\, to an extended portion of a roadway segment (case 1).

In special case 1 (see Figure A-13) is in the neighborhood of ±n/2 and the subtended angle of the

roadway segment is small. In case 1, the roadway segment adjustment chart does not contain suf-

ficient detail to permit determination of the adjustment.

In case 2, the receiver is located on the extension of the roadway segment (see Figure A- 14).

In these situations!) = and it is not valid to talk in terms of subtended angles. As a result Equa-

tions (A-66) and (A-67) are not correct for case 2.

ROADWAY SEGMENT
OF INTEREST ROADWAY SEGMENT

OF INTEREST

P <

RECEIVER

RECEIVER

Figure A-13. Case 1: Two Situations in Which a Receiver is

Very Close to an Extended Portion of a Roadway Segment

ill

EXTENSION OF
ROADWAY SEGMENT

D =

RECEIVER

Figure A-14. Case 2: Example of Situation in Which the Receiver

is on the Extension of a Roadway Segment
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It is possible to handle cases 1 and 2 simultaneously by reorganizing (A-58),

Leq
= L + 0.115a 2

, + 10 log ^+ 10 lo

when D « \St\. With this condition, (A-58) becomes

I
Da + 2

a + 2
dt

1

(D2 +S2
t
2

)

2

(A-58)

eq
-

, ,,,, v..
, liltl ,.,, r'

2 ^Leo
= L + 0.115ag + 10 log 4^-+ 10 lo

/

a + 2

df. (A-68)

Performing the integration

Leq
= L + 0.115aJ + 10 log -^ + 10 log pf^

D,
l+a

<jf i / \ »jf 9

D,
l+a

(A-69)

By defining S^ as the distance, i? n , between the receiver and the near end of the roadway segment,

and Sto as the distance, Rf, between the receiver and the far end of the roadway segment, (A-69)

becomes

Leq = L + 0.11502 + 10 log -^ + 10 log y±-^
l+a l+a

(A-70)

which is the desired result. Equation (A-70) is useful for situations in which < D « \St\

EXAMPLE PROBLEM NUMBER 11

Problem: Consider the highway site illustrated below. Calculate the equivalent sound

level for Segment I for both an attenuating and nonattenuating site for a single class of

vehicles.

aoo^ —

Solution: Since the problem does not specify vehicle volume, speed, or time period

for Le , leave the answer explicity in terms of N, S, and T. From the illustration,

01 = -90°
2

= -tan-l(^) = 88.6
C

R
f
= oo R n

= V400 2 + 10 2 s 400 m

(Continued)
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EXAMPLE PROBLEM NUMBER 11 (Continued)

Since the angles are very close to -ir/2 and R n » D, it is appropriate to use (A-70),

Leq

o NDC
= L + 0.115 al + 10 log -^r

1
1 1 f> lj-LfT (—

)

„ i+a
n

'

10 log
1 + a

(a) Absorptive Site, a = 1/2

Leq
= L + 0.115a? + 10 log

NX 15

ST
+ 10 log -

1 /15\3/2 /15\
3/2

_\400/ \°°)1 + 1/2

Leq
= L o + 0.115 al + 10^-

ST
- 11.4 dB.

(b) Hard Site, a =

L
eq

= L + 0.115 a 2
, + 10 log

iVX15
ST

+ 10 log ]
Do

)-
Uoo/ m]

Leg = L + 0.115a 2
, + 10 log

N
§f~ 2.5 dB.

Step 6. Summary

In steps 1 through 5 a model to predict the equivalent sound level for freely flowing traffic was

developed. In developing the model, three major assumptions were made:

( 1) vehicles are adequately represented by acoustic point sources,

(2) vehicle emission levels within a vehicle group are normally distributed, and

(3) propagation losses are adequately modeled by including an excess attenuation factor

(D /R) 112
.

Field observation consistent with these assumptions have been made in a number of separate

studies. Accepting these assumptions, the hourly equivalent sound level was shown to be given by

ND
Leq (h)

= (L ) + 10 log-y^
15 log

D

10 log

D

D

10 log

+ <

10 log

^112^1^2)

A0

25dBA

(A- 71)
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where (L ) is the reference energy mean emission level for a class of vehicles and is given by
E

(L )E
= L + o.H5a§

L = arithmetic mean emission level

o = standard deviation around the arithmetic mean emission levels

N is the number of vehicles traversing a roadway segment defined by the angles (0 1} 2 ) m
one hour at the average speed S in km/h

D is the reference distance in metres at which L was determined

D is the perpendicular distance in metres from the centerline of the traffic lane to the

receiver

A0 is the subtended angle of the roadway, 2
—

l5 relative to the receiver

^1/2(01.02) i r
02

~
'

"

'Y I v/cos d(p is the segment adjustment factor to account for ground

0i absorption effects.

On the special cases of very small or near zero observer distances, the hourly equivalent sound level

was shown to be given by

4

ND
Leq (h)

= (L )E
+ 10 log -^ +^

r
101ogf-

D f 2
fD,

312

10 log

Rnl \
R

f

IX

30dBA

R.

where
(A-72)

R n is the distance in metres from the observer to the near end of the centerline of the traffic

lane segment.

Rf is the distance in metres from the observer to the far end of the centerline of the traffic

lane segment.

EXAMPLE PROBLEM NUMBER 12

Problem: Consider the highway site shown in the figure below. Calculate the hourly

equivalent level at the receiver if:

(a) the site is reflective, a. =

(b) the site is absorptive, a = 1/2

Assume the vehicle speeds on Segment III are the same as on Segment I.

(Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued)

4T
38 m

nun I III

° m i—
**-,*

,"^
<- n

,,r\
25 T^^-"-"^ I

60m^^
On Segment I, the flow and reference energy mean emission levels are:

680 automobiles = 69 dBA at 88 km/h (D = 15 m)

110 medium trucks = 80 dBA at 80 km/h

42 heavy trucks = 85 dBA at 80 km/h

On Segment II the flow and reference energy mean emission levels are:

240 automobiles = 68 dBA at 80 km/h

50 medium trucks = 79 dBA at 72 km/h

15 heavy trucks = 84 dBA at 72 km/h

Solution:

(a) Hard Site

Segment I

^^\h\ 38m

60 m

*i = * n- i

(lH- 7
°

2 = 90°

A0 =
2
-

1
= 90° - 57.7° = 32.3°

(Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued)

Segment I:

Automobiles Medium Trucks Heavy Trucks

Volume, N 680 110 42

Speed, km/h 88 80 80
D, metres 38 38 38

(L )E 69 80 85

10 log (NDQ /S) 20.6 13.1 9.0

10 log (D /D) -4.0 -4.0 -4.0

10 log (A0/7T) -7.5 -7.5 -7.5

+ constant -25.0 -25.0 -25.0

Lcq 53.1 56.6 57.5

Segment II:

Leq(hh = 60.9 dBA

r-^--\ 2̂ .
60 m

60 tan 25° = 28.0 m -1(9-1
71

82.6°

D = (38-28) sin 65° = 9.1 m 2
= 90°

32 _R
n
= V602 + :;m- /1 o

Hf
= oo

C = \/71 2 - 9.1 2 = 70.4 m

Since D « \St\, that is 9.1 << 70.4 it is appropriate to use the L expression in-

volving R n , R
f

.

(Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued)

Segment Factor F(R n ,Rf)
= 10 log \rJ -0_

F(R n R
f )
o

= 10 log
_v 7i y v°°/_

= -6.8 dB

Volume, N

Automobiles Medium Trucks Heavy Trucks

240 50 15

Speed, km/h 80 72 72
D, metres 9.1 9.1 9.1

(L )

10 log (NDJS)
68 79 84
16.5 10.2 4.9mn ,Rf)
-6.8 -6.8 -6.8

+ constant -30.0 -30.0 -30.0

Leq 47.7

L
eq

(h)
u

52.4

= 56.0 dBA

52.1

Segment III:

Volume, N

Automobiles Medium Trucks Heavy Trucks

920 160 57

Speed, km/h 88 80 80
D, metres 38 38 38

(ZoL
10 log (NDQ /S)

69 80 85

22.0 14.8 10.3

10 log (DJD) -4.0 -4.0 -4.0

lOlog(A0/7T) -.9 -.9 -.9

+ constant -25.0 -25.0 -25.0

Leq 61.1

Leq (h)m

64.9

= 68.9 dBA

65.4

To calculate the equivalent sound level at the receiver due to all three segments, calculate

(Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued)

W*>, won
Le^ h \u

Leq (h) - 10 log 10 10 +10 10 +10 10

Leq (h) = 10 log [10609 + 10 5 - 60 + 10 6 - 89
] = 69.7 dBA

Leq (h) c* 70 dBA.

(b) Absorptive Site

Using the information from part (a), construct the tables

Segment I:

Automobiles Medium Trucks Heavy Trucks

(Lo)E 69 80 85

10 log (NDJS) 20.6 13.1 9.0

15 log (D /D) -6.1 -6.1 -6.1

ini ^1/2(58,90)
10 log

7T

-10.6 -10.6 -10.6

+ constant -25.0 -25.0 -25.0

Jeq 47.9 51.4

Leq (h)
I
= 55.7 dBA

52.3

Segment II:

Segment Factor F(R n , Rf) = 10 log -=
'1/2 o

F(R n ,Rf)
i/2

= 10 log f 71

3/2
15

3/2

3/2 3/2

R f

11.9 dB

Automobiles Medium Trucks Heavy Trucks

(K)E
10 log (NDJS)
F(R n , Rf) 1/2
+ constant

68

16.5

-11.9

-30.0

79

10.2

-11.9

-30.0

84

4.9

-11.9

-30.0

'eq 42.6 47.3

Leq (h)
n

= 50.9 dBA

47.0

(Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued)

Segment III:

Automobiles Medium Trucks Heavy Trucks

(Lo)E 69 80 85

10 log (NDJS) 22.0 14.8 10.3

15 log (DJD) -6.1 -6.1 -6.1

1/2 (-9O,58)
10 log

IT

-1.7 -1.7 -1.7

+ constant -25.0 -25.0 -25.0

Leq 58.2 62.0 62.5

W»m '= 66.0 dBA

Thus the total L at the receiver for the absorbing site is

Leq (h) = 66.5 dBA ^ 67 dBA

Note: Decimal points are shown for illustrative purposes only. Numbers should be

rounded off to the nearest half dBA.
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Appendix B

TRAFFIC NOISE BARRIERS: ATTENUATION AND INSERTION LOSS

INTRODUCTION

Appendix B is intended to provide the tools with which the highway engineer may obtain

estimates of how well a wall or berm will perform in the field. For detailed designs the reader is

referred to "Fundamentals and Abatement of Highway Traffic Noise" [1], "Noise Barrier Design

Handbook" [2], and "User's Manual for the Prediction of Road Traffic Noise Computer Program—
MOD 4" [3].

The thrust of Appendix B is on the calculation of barrier effects rather than the measurement

of barrier effects. The barrier model utilized is based on an analytic approximation [4] to labora-

tory data with field verification [5]. The treatment of barrier effects is consistent with the equiva-

lent energy methodology of Appendix A.

The information in Appendix B is presented in three steps:

(1) definitions and principles

(2) barrier attenuation of equivalent sound levels

(3) example problem.

Step 1. Definitions and Barrier Principles

In the context of this report the term barrier is considered to include walls and berms. Barriers

affect sound by interrupting its propagation and creating an acoustic shadow zone. (See Figure B-l.)

The sound level in the shadow zone is lower than the respective free field sound level. In the illu-

minated zone, the sound level may or may not be lower than the free field level depending upon how
far the receiver is into the zone. The reduction in sound level depends on the source angle, angle of

diffraction, frequency of sound radiated by the source and the path length difference. For most

practical situations the reduction in sound level (attenuation) provided by a barrier may be expressed

as a function of a single variable called the Fresnel number. The Fresnel number, N, is defined by

iVi 2v=2^- (B-l)
A c

where 5 is the pathlength difference (see Figure B-l), X is the wavelength of sound radiated by the

source, f is the frequency of sound radiated by the source, and c is the speed of sound (343 m/s).

For a point source located behind an infinitely long barrier, the attenuation, A, is given in

terms of the Fresnel number, N, by

'

AT < -0.1916 - 0.0635e

5(l + 0.6e) + 20 log ; (-0.1916 - 0.0635e) < N <
tan \/2ir\N\

A =<
^/27^A^

5(1 + 0.6e) + 20 log 7= < N < 5.03
tanh \/ZnN

20(l + 0.15e) N > 5.03

B-l
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ILLUMINATED
ZONEw SHADOW

ZONE

RECEIVER

SOURCE

SOURCE POSITION
GIVING MAXIMUM
PATHLENGTH
DIFFERENCE, 5Q

5 = PATHLENGTH DIFFERENCE
5 = ±(A + B -C)

5 = MAXIMUM PATHLENGTH DIFFERENCE

+ FOR RECEIVERS IN SHADOW ZONE

5 " ±(A + BQ -C )

- FOR RECEIVERS IN ILLUMINATED ZONE

Figure B-1. General Source/Receiver/Barrier Geometry

<

where

e = for a wall

e = 1 for a berm.

From field experiments, berms appeared to perform about 3 dB better than predicted when they

were mathematically treated as a wall. Thus, the e factor was included in(B-2) to take this observed

performance difference into account.

Step 2. Attenuation of Equivalent Sound Levels by a Barrier

Consider the source-receiver-barrier geometry shown in Figure B-2. The problem is to deter-

mine the sound level at the receiver due to the roadway-barrier segment (<pL , 4>R ). When treating (

B-2



ROADWAY

SHIELDED PORTION OF
ROADWAY

RECEIVER

Figure B-2. Source/Receiver/Barrier Geometry Used for the

Determination of Barrier Attenuation

<P2 > = <Po
2

> (~

roadway-barrier scenarios, it is assumed that ground effects for the shielded portions are negli-

gible (oc = 0). In the absence of the barrier and with negligible ground effects, the mean square

pressure (P2 ) due to a single vehicle source is given by

(B-3)

where

DQ - reference distance

R = source-receiver distance

(Po) = mean square pressure measured at reference distance.

The effect of the barrier is that each sound ray will be attenuated by the factor lO
- ^/ 10

, that is

1%' (B-4)

where A is given by Equation (B-2).

Using the identical methods and techniques developed in Appendix A for calculating equivalent

sound levels for a flow of vehicles, (B-4) is integrated over position (time) to give

N:D (D n\ 1 r<t>ii -A
LeqWt = (L )E

+ 10 log -^ + 10 log [-£) + 10 log £ J
10 10 d<p - 25 (B-5)

1

<$>L

where

Leq {h) i
is the hourly equivalent sound level for the ith class of vehicles

B-3



(L )E is the reference energy mean emission level for the class of vehicles

N
t

is the number of vehicles in the zth class traversing the roadway in one hour

D is the reference distance, taken as 15 m

S
i

is the average speed of the zth class of vehicles (km/h)

D is the perpendicular distance from the centerline of the traffic lane to the receiver, m

A is the attenuation of point source levels (Equation (B-2)) provided by a wall or berm

1 f0fi -4
10 log ^ 10 10 dtp is the attenuation in equivalent sound level provided by a wall or

02, berm subtending the angles (j>L and (pR relative to the receiver.

In order to put (B-5) in form more compatible with the results of Appendix A, the right side of

(B-5) is multiplied by the factor 10 log [A0(1/A0)] where A0 = E -<pL ,

N:D (D \ A0
Leq (h).

= (L^ + 10 log -^- + 10 log
(-^J

+ 10 log
-f-

<h A
+ 10 log £t f

R
10

_
io

d<t> - 25. (B-6)

h
If the equivalent level attenuation term is designated AB , the hourly equivalent sound level for

a receiver near a roadway segment (<pL , (pR ) shielded by a barrier subtending the angles 4>L , R is

N:D (D \ A0
Leq (h) (

= (L )E
- + 10 log -^ + 10 log (-p

J
+ 10 log

-f-
+ AB - 25. (B-7)

It is important to note that (B-7) is used only for Leq {h) i
contributions from shielded segments. If

the roadway element has unshielded portions as in Figure B-3, segments I and III, their contributions

are separately calculated using earlier results according to

LeqW
i

= (L )
Ei

+ 10 log -^ + 10 log (^j + 10 log
I

- 25 (B-8)

the results of which would be appropriately added to the shielded Leq {h) i
value to obtain the total

equivalent sound level.

Two problems remain: (1) performing the indicated integration in (B-6) requires that the func-

tional relationship between N and be determined, and (2) deciding if AB is the same for all classes

of vehicles for a given site geometry.

The dependence ofN is determined by the approximate relationship

N = N cos (B-9)

in which A^ is the Fresnel number determined along the perpendicular between the receiver and the

source (line).

For barrier calculations only, the source vehicles are treated as being located at the following

positions:

automobiles metres above the centerline of the lane

medium trucks 0.7 metres above the centerline of the lane

heavy trucks 2.44 metres above the centerline of the lane.
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Figure B-3. Finite Roadway/Finite Barrier Geometry for Insertion Loss Calculations

These elevated positions take into account the many individual noise sources contributing to the

overall noise radiated by medium and heavy trucks. Since the source positions vary, AB will vary,

and hence, must be indexed to indicate vehicle class, i.e., AB .. Then,

NiD
Leq (h).

= (L )E
+ 10 log -^- + 10 log \~) + 10 log -f + A

Bi
- 25 (B-10)

D, A0

where

Ajb. = 101
1 rR -T7T

*i =<

5(l + 0.6e) + 20 log

5(l + 0.6e) + 20 log

20(l + 0.15e)

s/2tt\N \. cos0

tan y/2n\N \. cos

sJ2it(N ). cos0

tanh yj2-n{N ). cos

(B-ll)

N
t
< -0.1916 - 0.0635e

(-0.1916 -0.0635e) < N
t
<

(B-12)

< N
t
< 5.03

Nj > 5.03

and

N
t

= (AT
o ).cos0

i = automobiles, medium trucks, heavy trucks.
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To put (B-ll) and (B-12) in a more useable form note that

3e = 101og(10°-3e )

5+3e

5(l+0.6e) = 10 log 10 10 = 101og(vT0 100.3e)

20+ 3e

20(l + 0.15e) = 10 log 10 10 = 10 log (100 X lQ0- 3e )

which when combined with the log terms in (B-12) gives

20 log (1)

A,- =<

10 log

10 log

/10 10°- 3e 2ir\N \.cos<f>

tan 2 \fZn\No\, cos0

TO 10°- 3e 2ir(N ) cos0

tanh 2 \/2-n{N ). cos

10 log [ 100 X 10°- 3e
]

N
(
< -0.1916 - 0.0635e

(-0.1916 -0.0635e) < N
t
<

(B-13)

< N
t
< 5.03

AT,- > 5.03

The integrand in (B-ll) involves the antilog of negative A^/IO, so that (B-ll) may be rewritten

using the result (B-13)

i r<PR

10-°- 3e tan
2
s/2lrlNoicos4>

10 2ir|JV |. cos0

10
_0

- 3e tanh 2 y/2ir(N ) cos0

10 2tt(N ). cos0

N
t
< -0.1916 - 0.0635e

(-0.1916-0.0635e)
<AT

Z

- <

< Ni < 5.03

10 -0.3e

10°
A^

7

- > 5.03

(B-13)

The integral in (B-14) has been numerically integrated for a range of values ofN ,
-0.2 <_/V < 100,

and is presented in ten degree increments in a series of tables appearing at the end of this appendix.

Insertion Loss

Insertion loss, IL, is the direct measure of the field effectiveness of a barrier. Insertion loss is

simply the difference in sound levels at a receiver before and after construction of the barrier,

IL = ( Sound level before \

\ barrier construction/

Sound level after

barrier construction
(B-14)
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In general, insertion loss will depend upon the barrier's attenuation AB , transmission loss character-

istics, leaks, and propagation effects. Insertion loss is the quantity around which barriers should be

designed.

EXAMPLE PROBLEM NUMBER 1

Problem: Using the finite roadway, finite barrier geometry illustrated below and the

traffic information in the accompanying table, determine (1) the traffic noise level at

the receiver before construction of the barrier, (2) the level at the receiver after con-

struction of the barrier, and (3) the field insertion loss provided by the barrier.

ROADWAY SITE (Not to Scale)

•133 m

10m

65 m

434 m

2 lanes

-t*- 3.66 m wide
S (each)

y
/

-y-

<—|18i
120 m 15m

-7^

/

2 lanes

3.66 m wide

(each)

y
Barrier, 4 m high

S
y

/ SOFT SITE
S

/
/

/
I y

1 y

Receiver, 1 .5 m high

Traffic Information

Vehicle Class
N(vph)
All Lanes

5 (km/h) (L )£ (dBA)

Automobiles

Medium Trucks

Heavy Trucks

2450

195

160

88

84

82

72

82

86

Solution:

Using the Noise Prediction Worksheet, fill in the traffic data.

Calculation of Equivalent Lane Distances

1. No Barrier

DE = [(Receiver—near lane (^distance) X (Receiver— far lane (£ distance)]

1/2

1/2

DE = 65 + ^P) (65 + 3.66 + 3.66 + 10 + 3.66 + ^P

DP = 76.61 m (Continued)
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EXAMPLE PROBLEM NUMBER 1 (Continued)

2. With Barrier

DE = Receiver-barrier distance (perpendicular)

+ [(Barrier—near lane (^distance) X (Barrier—far lane (^distance)]

1/2

1/2

DE = 50 + 15 + ^) (l5 + 3.66 + 10 + 3.66 + ^
DIE = 75.23 m.

Calculation of Roadway Segment Angles

434 m

* = -*""'{jik)—60°

, _i /18 + 120\ .,„„

^R
= tan [—0

J

~ 70

Calculation of 5 ,
iV

Redrawing the barrier in a cross-section

HT 244 m - — "~ ~~
^ ~>

MT 0.7 m

A 0m

4 m

1* 1.5 m

25.23 m 50 m

5„ = V25.232 + 42 + V(4- 1.5)
2

+ 502 - Vl.52 + 75.232 = 0.36

MT 5^, = V25.232 + (4-0.7)
2

+ V252 + 502 - V( 1.5 -0.7) + 75.232 = 0.27

HT 8n = V75.232 + (4-2.44)
2

+ V2.52 + 502 - V(2.44-1.5)
2

+ 75.232 = 0.10

(Continued)
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EXAMPLE PROBLEM NUMBER 1 (Continued)

5 f5
N = 2 -Y-

= 2
X c

f is usually taken as 550 Hz

c = 343 m/s

2(550) .

A N = 3.21(0.36) = 1.16

MT N
Q
= 3.21(0.27) = 0.87

HT N = 3.21(0.10) = 0.32.

Calculation of AB

Using the attenuation tables at the end of Appendix B

A N = 1.16
<t>L = 20° N = 1 AB = -11.39

<pR = 70° N = 2 AB = -14.09

By linear interpolation AB =a -11.39 - 0.16(14.09-11.39)

AB a -11.8

MT iV = 0.87 7V = 0.8, A
fl

= -10.60

N = 0.9, AB = -11.01

AB ^ -10.60 - 0.7(11.01-10.60)

AB =« -10.9

HT N = 0.32 N = 0.3, AB = -7.83

NQ
= 0.4, AB = -8.52

AB =« -7.83 - 0.2(8.52-7.83)

AB =s -8.0

From the Noise Prediction Worksheet,

noise level at the receiver before construction of the barrier

L°
q
(h) = 66.7 dBA

(Continued)
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EXAMPLE PROBLEM NUMBER 1 (Continued)

noise level at the receiver after construction of the barrier

L&
eq {h) = 65.5 dBA

I.L. = Lb
eq (h) - L

&
eq (h)

= 66.7 - 65.5

I.L. = 1.2 dBA

NAME PROJECT DESCRIPTION EXAMPLE B-1

DATE

1. LANE NO./ROAD SEGMENT 1 II (Before) II (After) III

2. VEHICLE CLAS. A MT HT A MT HT A MT HT A MT HT A MT HT A MT HT

3. N(vph) 2450 195 160 2450 195 160 2460 195 160 2450 195 160

4. S(km/h) 88 84 82 88 84 82 88 84 82 88 84 82

5. D(m) - 76.61 - - 76.61 - - 75.23 - - 76.61 -

6. 0, (degrees) Fig. 5 -60 20 20 70

7. <fo(degrees) Fig. 5 20 70 70 80

8. (Q)E; (dBA) Fig. 2 72 82 86 72 82 86 72 82 86 72 82 86

9. 10 LOG (NiD ISj) IdB) Fig. 3 26.2 15.4 14.7 26.2 15.4 14.7 26.2 15.4 14.7 26.2 15.4 14.7

10a. 10 LOG (D ID) (dBA) " Fig. 4 -7.0 -7.0 -7.0

10b. 15 LOG (D ID) (dBA) Fig. 4 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -t0.6 -10.6 -10.6

11a. lOLOGd/feWM.^I/ir) (dBA) Fig. 6 -5.6 -5.6 -5.6

11b. lOLOGd/zvzWh.iM/ffXdBA) Fig. 7 -3.6 -3.6 -3.6 -6.2 -6.2 -6.2 -15.0 -25.0 -15.0

12. <j>/_ (degrees) Fig. 10 20

13. fl (degrees) Fig. 10 70

14. St, (metres) Fig. 9 0.36 0.27 0.10

15. N Eq. 18 1.16 0.87 0.32

16. Ag(dBA) Appendix B -11.8 -10.9 -8.0

17. CONSTANT (dB) -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25 -25

18. t«,(/))(dBA) 59.0 58.2 61.5 56.4 55.6 58.9 18.8 48.9 55.1 47.6 46.8 50.1

19. £«,(/)) (dBA) 64.6 62.0 56.8 53.2

20. Aj (dBA) Fig. 8

21. £«,</)) (dBA) Before 66.7 After 65.5

22. £„(/>) (dBA)

23. ND/S (m/km)

24. (il0"i«,),(dB) Fig. 15

25. i 10 (A),(dBA)

26. /.,o(/i) (dBA)

27. /.,<,(/>) (dBA)

Table B-1-1. Noise Prediction Worksheet

»

<

(
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Appendix C

ROADWAY SEGMENT ADJUSTMENTS- SOFT SITES

At a soft site, the adjustment to the equivalent sound level for a roadway segment defined by

the angles (0 l5 2 ) is

l//1/2 (01, 02) 1 f^ 2
/

Segment adjustment = 10 log = 10 log — I Vcos0 d<j>

.

(C-l)

The indicated integration has been performed numerically and the segment adjustment appears

in Figure 7 of the text as a family of curves with X as a parameter and 2 as the independent

variable.

Because of the inherent difficulties with graphic representation of the segment adjustment,

Figure 7 becomes difficult to use in a number of situations. To extend the usefulness of Figure 7,

the even function property of the cosine function is used to derive the following relationship

^1/2(01.02)
=

^l/2(~02>~0l)- (C-2)

The property of the segment adjustment in (C-2) allows the user to reflect the roadway segment

into the portion of Figure 7 which gives the finest delineation of the adjustment. For example,

determining the adjustment for a roadway segment subtending the angles (65°, 90°) is rather diffucult

since an interpolation between the 60° and 70° curves is required. Using (C-2) the roadway segment

is reflected, (65°, 90°) -> (-90°, -65°), making determination of the adjustment considerably more

easy and accurate.

Equation (C-2) is easily proven when the even property of the cosine function, i.e., cos (-0) =

cos 0, is invoked. The proof begins by switching the limits of integration

r<t>2 r*i
i//1 /2 (0 1 , 2 ) = I VCOS0 d<j) = —

I \/cos0 d<t>

J
2

Now let -0=0, and -dd - d<j),

</> ,2(0!, 2 ) = - f Vcos(-0) (-dd) =
f Vcosfl dd.

"02 "02

Since 6 is actually a dummy variable, we have the final result

^l/2(01>02)
=

>/
/l/2(~02'

_
0l)-

The results of the numerical integrations used to develop Figure 7 appear in Tables C-l and

C-2 in 5° increments. These tables may be used instead of Figure 7 to determine segment

adjustments.
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Appendix D

PROGRAM FOR CALCULATING TRAFFIC NOISE LEVELS USING THE
FHWA TRAFFIC NOISE PREDICTION MODEL (TI-59)

A computer program based on hand-held calculator has been developed and is available from

FHWA. The program is based upon the flow diagram shown in Figures 22 and 23.

It was decided at the last minute not to include the program because it will require frequent

updating that can best be handled through FHWA Technical Advisory Series. (Refer to FHWA
Technical Advisory T 5040.5, "Hand-Held Calculator Listings for the FHWA Highway Traffic

Noise Prediction Model.")
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Appendix E

RELATIONSHIP BETWEEN NOISE LEVEL AND LEVEL OF SERVICE

INTRODUCTION

In most highway traffic noise analyses, the noise impacts of the highway are normally based

upon the traffic condition that produces the highest noise level. Many people have argued that this

is not the best way. The noise evaluation should be based on the traffic situation that is most

annoying to the highway neighbor. This is probably true. Unfortunately this time period is often

very difficult to identify or forecast. Another difficulty is forecasting the traffic that will be carried

by the highway during that annoying period. Determination of the traffic condition that will pro-

duce the highest noise level is relatively simple.

RELATIONSHIP BETWEEN LEVEL OF SERVICE AND NOISE LEVEL

The capacity of a highway depends upon the interrelationships between the type of highway,

its geometries, and the traffic conditions. These characteristics will then establish the noise level

generated by the traffic operating on the highway. This can be illustrated rather easily by examples.

Tables E-l through E-5 show the noise levels that would be produced by a single lane of traffic

operating under various levels of service with increasing heavy-truck traffic. These tables assume

freeway conditions, level roadway, an average highway speed of 113 km/h, and ideal geometries.

The site is hard (a = 0) and the observer is located 15 metres from the highway.

Casel. T (Percent Heavy Trucks) =

The values shown for the automobile volume and the speeds for each level of service are taken

directly from the Highway Capacity Manual (E-l).

Table E-1. Noise Levels versus Level of Service (T = 0%)

Level of

Service

Capacity (v/h)
Speed

(km/h)

Leq (h)i Leq (h)

(dBA)A HT A HT

A 700 100 69.0 69.0

B 1000 90 69.3 69.3

C 1500 80 69.6 69.6

D 1800 65 67.9 67.9

E 2000 50 65.1 65.1

F —

Case 2. T = 1%

In terms of capacity, one truck in the situation described here is equivalent to two automo-

biles. This must be taken into account in computing the new capacity. Thus, for level of Service

A, the truck volume is 700 (.01) = 7 vph. The automobile volume becomes 700 -7(2) = 686 vph.

E-l



Note that this 2 for 1 exchange in terms of capacity changes greatly depending on the highway. The
speeds shown in Table E-l for the different levels of service must be maintained.

Note that at 1% heavy trucks, automobile noise dominates at all levels of service.

Table E-2. Noise Levels versus Level of Service (T = 1%)

Level of

Service

Capacity (v/h)
Speed

(km/h)

Leq [h)i Leq (h)

(dBA)
A HT A HT

A 686 7 100 68.9 62.9 70.0

B 980 10 90 69.2 63.8 70.3

C 1470 15 80 69.5 64.8 70.8

D 1764 18 65 67.8 64.3 69.4

E 1960 20 50 65.0 63.1 67.2

F — — — — — —

Case 3

Table E-3 shows that at 2% heavy trucks, the trucks begin to dominate the noise level at level

of service E.

Table E-3. Noise Level versus Level of Service {T = 2%)

Level of

Service

Capacity (v/h)
Speed

(km/h)

Leq (h)i Leq (h)

(dBA)
A HT A HT

A
B
C
D
E
F

672

960

1440

1728

1920

14

20

30

36

40

100

90

80

65

50

68.8

69.1

69.4

67.7

64.9

65.9

66.8

67.8

67.3

66.1

70.7

71.1

71.7

70.5

68.6

Case 4

Table E-4 shows that at 3% heavy trucks, the trucks dominate at Level of Service C, D & E.

Table E-4. Noise Level versus Level of Service (T = 3%)

\

Level of

Service

Capacity (v/h)
Speed

(km/h)

Leq [h)i Leq (h)

(dBA)A HT A HT

A 658 21 100 68.7 67.7 71.3

B 940 30 90 69.0 68.6 71.8

C 1410 45 80 69.3 69.6 72.5

D 1592 54 65 67.6 69.1 71.4

E 1880 60 50 64.8 67.8 69.6

F — — — — —
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Case 5

Table E-5 shows that at 4% heavy trucks, the trucks dominate at all levels of service.

Table E-5. Noise Level versus Level of Service (T = 4%)

Level of

Service

Capacity (v/h)
Speed

(km/h)

Leq [h)t Leq (h)

(dBA)A HT A HT

A 644 28 100 68.6 68.9 71.8

B 920 40 90 68.9 69.8 72.4

C 1380 60 80 69.2 70.8 73.1

D 1656 72 65 67.5 70.3 72.1

E 1840 80 50 64.8 69.1 70.5

F "

Reference

E-l. "Highway Capacity Manual — 1965," Highway Research Board Special Report 87, National

Academy of Sciences, Washington, D.C., 1965.
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Appendix F

COMPUTATION OF LPJT) AND LDN

INTRODUCTION

Although the

L

e
(h) or the L 10 (h) is used for highway work, there may be times when the

equivalent sound level for some other time period is of interest. The FHWA model can be modified

rather easily to handle different time periods. This is done by reevaluating the traffic flow adjust-

ment factor, (the FHWA model cannot be modified to compute L 10 values for any other time

period)

10 log (NiirDJTSi). (F-l)

COMPUTATION OF Leq (T)

Suppose the equivalent sound level over a 24-hour period, L (24) is desired. One way to do

this is to compute the L (h) for each hourly period during the 24 hours and add them together on

an energy basis. Unfortunately, we are unable to predict the future traffic volumes on an hour-by-

hour basis. However, if we let Nj represent the average annual daily traffic (AADT) for the zth class

of vehicles, and if S
t
represents the average highway speed over a 24 hour period, the traffic flow

adjustment factor becomes

10 log
[

N(AADT)
l
)(

ir )(D o metxes)

(5
f
km/h)( 24 hours)

(F-2)

This reduces to

7^(AADT),)CDo)"
10 log 5—* - 38.8

.

L ^ J

Substitution of Equation (F-3) into the Equation (1) will give Leq (24)

'(AADTj^o

(F-3)

Leq (24)t

= (L )
Ei

+ 10 log S
t

+ 10 log (-^

l+a

+10 log
»M0i> ^2)

Ldn - 101°gi 2̂

38.8

( M
15 \10 10

/ + 9 10 10

L„+10

(F-4)

(F-5)

COMPUTATION OF LDN

The same reasoning used in Computation of Leq (T) is used here.
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Ld =

L„ =

Equivalent sound level from 7:00 a.m. to 10:00 p.m. - 15 hours

Equivalent sound level from 10:00 p.m. to 7:00 a.m. - 9 hours

Ni«D
L

di
= (L^ + 10 log [-^j —^ + 10 log

lkm Do
D

l+a

10 log
>//a(01,02)

or

N
f
D D.

L
di

= (L6 ) + 10 log [-^) + 10 log [-^

>a(01, 2 )

l+a

+ 10 log - 36.8

where

N; = Volume of the ith class from 7:00 a.m. to 10:00 p.m.

Si = Average speed of the ith class from 7:00 a.m. to 10:00 p.m.

m l+a

Ln
t

= (L )
E;

+ 10 log \^f) + 10 log \j±) + 10 log

where

N; = Volume of the ith class from 10:00 p.m. to 7:00 a.m.

S
i
= Average speed of the ith class from 10:00 p.m. to 7:00 a.m.

1M01.02)

(F-6)

(F-7)

34.6 (F-8)

F-2



Appendix G

COMPUTATION OF NOISE LEVELS WHEN D < 15 METRES AND THE
OBSERVER IS ADJACENT TO THE ROADWAY

INTRODUCTION

Many situations arise where D is less than 15 metres and the observer is located adjacent to the

roadway as shown in Figure G-l. Although the method of analysis suggested here has not been

verified in the field, the procedure seems reasonable.

CENTERLINE OF NEAR LANE

D< 15

Figure G-1. Situations Where D is Less than 15 Metres

WHEN THE MODEL CAN BE USED

One of the basic assumptions in the FHWA model is that traffic noise decreases at a uniform

rate as the noise propagates away from the highway. It was indicated in Chapter 2 that the FHWA
model uses a rate of 3 dB/DD or 4.5 dB/DD (based on average energy) depending on site conditions.

This uniform rate only occurs when the observer is located in the acoustic far field. In the FHWA
model, it is assumed that the far field begins 15 metres from the centerline of the near lane. This is

illustrated in Figure G-2.

CO
T3

'//////////////////n 3 TO 4.5 dB/DD

NEAR ^ > FAR ^^^^Ul!///////
FIELD FIELD ^^4^

15m ^ LOG D (m)

Figure G-2. Noise Levels Versus Distance
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Location of where the far field begins is strongly influenced by the size of the noise source.

There is some evidence to suggest that for automobiles and medium trucks, D is approximately equal

to 7.5 metres. An evaluation of the data in Table G-l shows that when only automobiles and me-

dium trucks are present (Location A), the drop-off rate from 7.5 metres to 15 metres is 4.1 dB/DD.

Since a = 1/2, the expected rate would be 4.5 dB/DD. This suggests that automobiles and medium
trucks are point sources at 7.5 metres.

Table G-1. Measured Sound Levels at 7.5 and 15 Metres

(Source: FHWA Region 15)

Location Facility
S

(km/h)

A
(v/h)

MT
(v/h)

HT
(v/h)

LeqW L 10 (h)

7.5 m 15 m
Drop-Off

Rate

(dB/DD)

7.5m 15m
Drop-Off

Rate

(dB/DD)

A
4-lane, no

median

a = 1/2

56 339 42 68.6 64.5 4.1 73.2 68.9 4.1

B
4-lane,

median

a = 1/2

52 1572 48 90 75.5 73.4 2.1 78.7 76.9 1.8

C
6-lane,

median

a = 1/2

58 960 72 270 77.2 74. 3.2 80. 76.9 3.1

At locations B and C, heavy trucks are present, and the expected decrease from 7.5 metres to

15 metres is not observed. This would imply that at 7.5 metres the observer is in the acoustic near

field of the heavy trucks. This result is not surprising when one compares the length of a heavy

truck to 15 metres.

Figure G-2 shows that the sound level does not increase at a uniform rate in the near field.

Rough field measurements indicate that the emission level from trucks remains constant within

several metres of the edge of the roadway.

Thus it appears that for roadways that carry automobiles and medium trucks, Equation (1)

can be used without introducing significant error as long asD is greater than 7.5 metres.

WHEN MEASUREMENTS ARE NEEDED

Future noise levels for all situations involving heavy trucks and all situations where D is less

than 7.5 metres should be based upon measured data. To do this, users will have to develop their

own data bases. The development of these bases poses several problems, primarily with equipment,

measurement procedures, and data analyses. For example, at distances very close to the roadway,

the sound levels will change very rapidly over a wide dynamic range. Accurate analysis of these

sound levels generally requires that the data be recorded and analyzed by mechanical means. Data

will also have to be developed on volumes, mixes, and speeds that occur during the measurement

period.

On the positive side, the data acquired at one site should be applicable to other sites. It seems

reasonable to assume that when D is less than 15 metres, the highway is infinitely long (the roadway

must be visible to the observer from 60 metres in either direction fori) = 15m) and corrections for

specific site conditions can be ignored (less than 1 dB).
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In developing a plot of sound levels versus vehicles, user may want to try the following equa-

tions (it has never been field tested).

(NEDE\
(NEDE

LeQ (future) = Le
(measured) - 10 log ~—

I

+ 10 log
\ 'Existing \ /Future

where

NE is the number of equivalent automobiles

DE is the equivalent land distance, and

S is the speed.

To calculate^ assume that the relative noise level relationship shown in Figure 2 exists between

the vehicles when D is less than 15 metres. Then

NE = NA + 10NMT + 32 NHT .

If the future speed increases theL (measured) should be adjusted upward based on Figure 2.
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Appendix H

GRADES

INTRODUCTION

The reference energy mean emission levels shown in Figure 2 are based on vehicles operating

under cruise conditions on level terrain. The effects of grades upon these emission levels have not

been studied. However, NCHRP Report 117 and NCHRP Report 174 describe procedures which

can be used to account for the effects of grades. The two procedures give different results and

neither appear to be based upon any substantial field study. The adjustment given from these

procedures is applied in the same manner. A positive adjustment is made only to the truck levels,

L
e

(/i)HT , and it is never negative, i.e., there is no adjustment for a downhill grade.

NCHRP Report 117 suggests that the correction can be applied to the noise level based on the

total truck volume. The NCHRP Report 174 suggests that the traffic be split and the adjustment

applied to the levels produced by the trucks going up the gradient. It is recommended here that the

traffic be split and the correction from the NCHRP Report 117 method (Table H-l) be added to the

Leq (h) for heavy trucks going up the grade (i.e., the correction is to be added to the volume shown
on line 18, Table 1 for heavy trucks).

Note that after the grades exceed 7%, trucks cannot operate at constant speed and Equation (1)

is not valid.

NCHRP REPORT 117 METHOD

Table H-1. Noise Level Adjustments

for Trucks on Grades

Gradient (%) Adjustment (dB)

<2
3 to 4

5 to 6

>7

+2

+3

+5

NCHRP REPORT 174 METHOD

The adjustments for grade are based upon the following equation:

AG = 7.3 - 3.3 log S + G (H-l)

where

S is the speed in km/h

G is the percent grade.

Table H-2 is based upon Equation (H-l). The values appear to be too high and their use is not rec-

ommended until they have been verified by the user in the field.
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Table H-2. Noise Level Adjustments for Trucks on Grades

Speed (km/h)

Grade

50 60 70 80 90 100

1 2.7 2.4 2.2 2 1.8 1.7

2 3.7 3.4 3.2 3 2.8 2.7

3 4.7 4.4 4.2 4 3.8 3.7

4 5.7 5.4 5.2 5 4.8 4.7

5 6.7 6.4 6.2 6 5.8 5.7

6 7.7 7.4 7.2 7 6.8 6.7

7 8.7 8.4 8.2 8 7.8 7.7

«
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Appendix I

INTERRUPTED FLOW (STOP-AND-GO TRAFFIC)

INTRODUCTION

A review of the literature indicated that a recent English study has been reported by Gilbert [ 1-1 ]

.

In this study an equation was evaluated for predicting curbside noise from interrupted flow. The
equation was of the form

where

Q

H

y

v

T

L = 55.7 + 9.18 log Q(l + .09//) - 4.20 log Vy + 2.31 T

is the traffic volume (vph)

is the proportion of vehicles exceeding 1.525 Mg (%)

is the roadway width (m)

is the mean speed of traffic (km/h), and

is the index of dispersion.

Alternate forms of the equation are suggested, and users may want to obtain the reference and

study it in detail. No detailed study on the effects of interrupted flow was found in the U.S. The
NCHRP 117 provides some guidelines and these are reproduced in Table 1-1. Since no reference is

cited, these should be treated as rules of thumb.

Table 1-1. Adjustment for

Interrupted Flow

Vehicle Type
Adjustment (dB)

^50 ^10

A
HT

+2

+4

The NCHRP Report 117 assumes that interrupted flow imposed by a traffic control signal

influences the operating noise of a vehicle over a distance of 1000 feet centered at the center of the

signal area. This is probably based upon the fact that a truck accelerating from a stopped condition

would produce a maximum noise level over this distance while accelerating to cruise condition. This

distance is a function of both the grade and how heavily the truck is loaded.

SUGGESTED TECHNIQUE

This is another procedure that has not been verified in the field but seems reasonable. This

procedure is based upon an examination of Equation (1) from the standpoint of stop-and-go traffic.

All of the variables in Equation (1) are valid for interrupted flow except for the reference energy

mean emission levels and the traffic flow adjustment factor.
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Reference Energy Mean Emission Levels

Interrupted flow involved speed below 50 km/h. At these speeds heavy trucks will be accel-

erating. The noise levels associated with accelerating conditions are peak levels. Thus for heavy

trucks use a reference level of 87 dBA. For automobiles and medium trucks use the reference

levels at 50 km/h. Assume that these values are independent of speed.

Traffic Flow Adjustment Factor

This adjustment factor assumes that the vehicles operate at constant speed. This value should

be replaced by the mean speed of the vehicles taking into account the traffic signal. Hopefully,

with the above two changes the FHWA model will provide a reasonable estimate of the noise level.

Reference

1-1. Gilbert, D., "Noise from Road Traffic (Interrupted Flow)," Journal of Sound and Vibration,

51(2), 171-181, 1977.

«
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Appendix J

ADAPTION OF THE Len METHODOLOGY TO DEAL WITH SPECIAL HIGHWAY SITES

INTRODUCTION

In Appendix A a methodology was presented for determining the equivalent sound level at

highway sites whose excess attenuation effects may be completely characterized by the site param-

eter a. The Appendix A Leq methodology began by expressing the mean square pressure at the re-

ceiver in terms of reference mean square pressure and a distance adjustment factor,

j mean square pressure 1
J

reference mean square 1 Jdistance adjustment

at receiver
J [

pressure measured at D
J } factor

D ^2+a

<P2 ) = <J?>
[-i) - (J-D

The single vehicle equivalent sound level was then calculated by expressing the source-receiver dis-

tance R in terms of the angle and then integrating the mean square pressure over the roadway

segment,

Leq
= 10 log -Ffr

—^- dt = 10 log Tj?
—-

c &c $ d(P (J"2 )T \ <P
r

2
ef >

T \ <PL> S

where Pref
= 2 X 10" 5 Pa.

The limitation of the L model of Appendix A is that the highway site must be homogeneous,

that is, the excess attenuation effects must be completely characterized by a single value of a. Some
highway sites, however, may consist of sections, each with their own propagation parameter. The
purpose of this appendix is to demonstrate through examples how the basic methodology of Appen-

dix A may be tailored to fit the specific characteristics of highway sites that are not homogeneous.

EXAMPLE J-l -GROUND STRIPS PARALLEL TO THE ROADWAY

Consider the highway site in Figure J-l in which the receiver is separated from the roadway by

two ground strips. The excess attenuation effects of the first strip of width D 1 are characterized by

the ground cover parameter al5 while the second strip of width D 2 has its excess attenuation effects

characterized by the ground cover parameter a2 .

The first step in solving this problem is to draw a sound ray from the source to the receiver as

in Figure 3-2. Propagation over that portion of the sound ray R 1 is characterized by geometric

spreading and excess attenuation characterized by a1 . At R x , the mean square pressure (P2 >r is

given by

ID \
2+ai

<P2 )Rl
= <Po) [-^j

• (J-3)
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ROADWAY

GROUND STRIP

CHARACTERIZED BY a,

GROUND STRIP

CHARACTERIZED BY «
2

RECEIVER

Figure J-1. Highway Site Consisting of Two Absorptive Ground Strips Parallel to the Roadway

ROADWAY

STRIP 2

a.

RECEIVER

D = Stand-off Distance = D
1

+ D 2

R = Source-Receiver Distance = VD^ + (St)

R = R
1

+ R
2

R cos0 = D R-| cos0 = D-|

Figure J-2. Roadway-Receiver Geometry for a Highway Site With

Two Ground Strips Parallel to the Roadway

The mean square pressure at the receiver (P2 > is equal to the mean square pressure atR ±
times the

appropriate distance adjustment factor,

<P2 > = (P2)^ -^
£ x

\
2+a

2

(J-4)

Substitution of (J-3) into (J-4) gives

<P2 > = <P2 >

n \
2+a

i /r \
2+a

2
xy o \ /

-""1

R R
(J-5)
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which may be written in the form

From the site and ray geometry in Figure J-2, R 1 and R may be expressed in terms of the

variable 0, which when substituted in (J-6) gives

(P2 ) = <P,
2

> (-^ COS0D D cos0 —jyD (J-7)

To calculate the single vehicle equivalent sound level, the mean square pressure at the receiver, (J-7),

is integrated over the roadway angles using (J-2),

1 ^2 <P2 (0)> D o
Leq

= 10 log j,
—-— -g sec

z
d(p (J-2)

Jeq 10 log
1 r*2 <P2 > (D

^2
ef>

VD D S
cos0j

\-ff~
cos0) (-77) -qt sec

2
C?0 (J-8)

Combining similar terms and bringing the constant terms outside the integral, (J-8) reduces to

* -
2

21

(P2ef >

Lea = 10 log
'eq

(J-9)

or

£eo = 10 log'<>q

<P|> /^ ^ ^of1

f^"
2 ^(01.02)

<P2ef >
sry \z>/ \d (J-10)

The first term in the brackets corresponds to the emission level, so that expanding (J-10) results in

Leq = L + 10 log^r+ 10l°g(^) + 101
°g(-§f)

+ 101°g(-^

^0.(01* 02)
+10 log —1 + 5 . (J-ll)

Equation (J-ll) is valid for a single vehicle. For a given class of vehicles, (J-ll) is modified

using the results of Appendix A, so that

Lea ={L )„ + 10 lo
ND

eq E

D,
3? + 10 log [^-) [%) *

+ 10 log ft)Di D

1^0,(01.02)
+10 log —i— + 5 (J-12)

which is the final result.
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EXAMPLE 2 -GROUND STRIPS NORMAL TO THE ROADWAY

Consider the highway site of Figure J-3 in which the ground strips are normal to the roadway.

Strip 1 is characterized by the ground cover parameter a
x
while strip 2 is characterized by the ground

cover parameter a2 . The receiver is located y metres from the boundary of the strips. Since y is

measured along the St axis, y will have a sign associated with it. On the figure y is to the right of

the receiver and thus y 1S positive. If the receiver had been located in strip 1, y would be measured

to the left of the receiver and would be negative.

ROADWAY

GROUND STRIP CHARACTERIZED— — BYflo

GROUND STRIP CHARACTERIZED BY a

RECEIVER

Figure J-3. Highway Site Consisting of Two Absorptive Ground Strips Normal to the Roadway

The roadway segment defined by the angles (0ls 0^):in Figure J-4 is homogeneous in that

excess propagation effects are determined by a
2 . Its contribution to the total equivalent sound

level is calculated using the results of Appendix A, hence

ND (Do\
1+0L2

+ 10 log
^o,(01»*l)

+ 5. (J-13)

The Leq contribution from the roadway segment (<t>L , <pR ) remains to be determined. The method

of solution is identical to that used in example J-l. First the mean square pressure atR 1 is expressed

in terms of the reference mean square pressure and a distance adjustment factor. Then the mean
square pressure atJRj is adjusted to account for propagation over R 2 - The mean square pressure at

R± is

<p%
x
= <p2o> hr

n \
2+a

i

(J-14)

and the mean square pressure at the receiver is

R \
2+a2 D \

2+ai (R^ +a*

R. R
(J-15)

Combining terms, Equation (J-15) becomes

<*>-<*> SI'S;*
,

1 (Rf*
R

(J-16)
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From Figure J-4, the geometric relations

R = -^-r and R, = R fl -4? cot0)
cos0 l

\ D j

are employed in (J-16),

(P%) ("jj COS0
Do D cos

D 11 - -q) COt

1
y° fy

1
—

Y)
co * 01

which simplifies to

<P2 > - (P2 > (^ COS0) (^ COS0) (l - ^ COt0

a 2 _al

(J-17)

(J-18)

1 St

\ ^N

\ D

\ *1
0R /

/<vy

RECEIVER y

STRIP 2 STRIP 1

a.

ROADWAY

R i sin = St - y St = D tan R = D/cos i

Dtan0 - Vo D y D / V

R 1
- = 1 COt

sin cos0 sin cos \ D'1

:. r , = r M — cot
D

V
)

Figure J-4. Roadway-Receiver Geometry for Two Absorptive Strips Normal to the Roadway

To calculate the equivalent sound level, Equation (J-2) is used,

J
<t>L ^ref ;

J-5



so that

Leq
= 10 log

l

ri
'« <Po> (Do A

2
(Do

.f ,^VS cos
*j l"D

cos0
j '

?° __ 2
\- * £ _ _ 2

D cot
j -o- sec

z
c?0

Bringing the constants outside the integral and combining similar terms, (J-19) becomes

, a+a-i

Leq = 10 log
iPi) D IDS ^ r*R / y G . .

T^srtirj 1 (COS0) V ~lD cot<p d(j>

Expanding (J-20), the single vehicle equivalent sound level is

D
Jeq L + 10 log -g^ + 10 log ,

1Jo

a2 _a l

i r R a yo V
log— I (cos0) ! II --p-cot0) G?0 + 5

(J-19)

(J-20)

(J-21)

For a class of vehicles, (J-22) is modified to give the following result

ND ID \1+0il

Leq = (L )B
+ 10 log ^r + 10 log (-^

+10 log -i (cos 0)
x

( 1
—pT~ cot c?0 + 5 (J-22)

Evaluation of the integral in (J-22) is best accomplished using numerical integration routines. The
total equivalent sound level due to the roadway segment (0 l5 4>R ) is then the decibel sum of Equa-

tions (J-13) and (J-22).

EXAMPLE J-3-BARRIER ATTENUATION AT ABSORPTIVE HIGHWAY SITES

In Appendix B, the hourly equivalent sound level due to a roadway segment shielded by a

barrier subtending the angles (<pL , <pR ) was given as

N;D, D,
Lea (h). = (L ) + 10 log -V2 + 10 log T? + 10 lo

<t>R ~ <t>L

'eq 'E D
+ AB .

- 25 (B-10)

where A#. is the reduction in equivalent sound level due to the barrier for the zth class of vehicles.

In developing (B-10) it was assumed that in the presence of the barrier, excess attenuation effects

are lost. This is an oversimplification of a very complex physical phenomenon. In a more rigorous

analysis of the problem, absorption due to the ground could not be neglected. However, including

ground effects in the presence of a barrier is a difficult undertaking and research is currently under-

way to provide practical, design-oriented procedures for these situations.

In the absence of formal solutions to the problem of a barrier resting on an absorptive ground

plane, an interim solution may be obtained by application of the methodologies employed in

Appendices A and B. Consider the shielded roadway segment in Figure J-5. Using the same proce-

dures in Examples J-l and J-2, the mean square pressure at the receiver is

J-6
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Figure J-5. Roadway-Barrier-Receiver Geometry for a Finite Barrier in the Presence of

Absorptive Ground Strips Parallel to the Roadway

<P2 \ = (P2o>- hr
n\2+"!

10 A/"^ (J-23)

in which -A,- is the attenuation in point source levels for the j'th class of vehicles and is given by

Equation (B-12). Using the relations D
1
=.R 1 cos and D =R cos it is possible to express (J-23)

in terms of angle,

<p2>. =
{p2y | ^ (Hi)

D.
COS D 10 (J-24)

Equation (J-2) is used to calculate the single vehicle equivalent sound level due to the segment,

L
eQi

= 10 log y I 2 S~
s ^ ^

'

so that

L
eQi

= 10 log
I

rt>R &o\ (DH (P
r

2
ef )
^1-pp

COS

2+a, /rv \2+a9/£M ' ,„-A,/10 D 2^1 10 «- sec"
2 d0 (J-25)

Taking the constant terms outside the integral and combining similar terms in (J-25) results in

<P2o\ D (D \ (D ^ (D& r*n
L

eQi
= 10 log

ref
,»»)G9 »)£"«-«> 10

-A./10
d0 (J-26)
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To put (J-26) in a form compatible with earlier results, the right side is multiplied through by

10 log
/0ft

_
<t>L\

(
it \

\ IT i \<j)R - <PL J

is added to the right side, so that

L
eQi

= {L ). + 10 log §^ + 10 log^ + 10 log
ffij

+ 10 log (-^)

+ 101og ^L_L^L it r «
(costff1 lO"

A
'
/1O

d0,^**'*l\
Since 10 log 7r = 5,

Leq .

= (L ). + 10 log^ + 10 log -g + 10 log (^) + 10 log (-^

•*«
+ 10 log — + 10 log™ f ' (cos^f1 1O"

A
'
/Io

d0 + 5. (J-28)

For a class of vehicles, Equation (J-28) is modified to yield

D ^ £>/2

L
eqi

= (f
9 )

A|
+ 10 ^g M? + 10 log (^-j + 10 log ^-J + 10 log^

+ 10 log ~ + 10 log ~ f (cos0)ai 1O"
A

'
/Io

d0 + 5 (J-29)

which is the final result. Evaluation of the integral is best accomplished using numerical integration

routines.
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Appendix K

HEAVY TRUCK SOURCE HEIGHTS USED IN BARRIER ATTENUATION CALCULATIONS

INTRODUCTION

In Appendix B it was recommended that for barrier attenuation calculations heavy trucks be

located 2.44 metres above the centerline of the pavement and that the truck be treated as if all its

sound were radiated at 550 Hz. This single position—single frequency representation of a heavy

truck is an attempt to simplify and reduce the number of calculations required to determine the

attenuation of equivalent sound levels due to a barrier. It is the purpose of this appendix to indi-

cate, through an example calculation, that the gain in accuracy by resolving a heavy truck into its

component sources each with their own spectrum is minimal and that for a manual prediction proce-

dure, the increase in accuracy does not justify the additional calculations.

EXAMPLE CALCULATIONS

The sensitivity of barrier attenuation to changes in source height can be determined analytically.

The resulting relationship however is complex and unwieldy. In order to put the accuracy trade-

offs between single and multiple source heavy truck models into perspective, the source-barrier-

receiver scenarios of Figure K-l were analyzed to determine equivalent sound levels at the receivers.

In the analysis, three source models were used:

(1) In the first model, the heavy truck was treated as a single source located 2.44 m above the

pavement with a effective radiation frequency of 550 Hz.

(2) The second heavy truck model consisted of the single source 2.44 m above the pavement

with the source strength consisting of the octave band spectrum labeled "TOTAL" in

Figure K-2. Attenuation calculations were then made octave band by octave band. The

attenuated octave band levels were then A-weighted and logarithmically combined to give

the A-weighted sound level at the receiver.

(3) In the third heavy truck model, the heavy truck was resolved into tire noise (0 m), engine

noise (1.2 m), and exhaust noise (3.6 m). Each source was assigned its own octave band

spectrum as shown in Figure K-2. Source by source, octave band by octave band attenua-

tion calculations were then made. The attenuated octave band levels were A-weighted and

EXHAUST
3.6 m

SIMULATED
2.44 m

TIRES

Om

3 m
* RECEIVER

3 m BARRIER

10m 30m

Figure K-1. Source-Barrier-Receiver Geometry Used to Examine the

Effects of Source Height on Barrier Attenuation

K-l
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Figure K-2. Individual and Total Heavy Truck Noise Spectra Used in Example Calculations (Source

Fundamentals and Abatement of Highway Traffic Noise," FHWA-HHI-HEV-73-7976-1)
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logarithmically combined to produce the reconstructed A-weighted octave band levels at

the receiver. The A-weighted levels at the receiver were then combined to give the A-weighted

level at the receiver.

The site geometry for this example was selected to insure that the exhaust stack of the truck

was clearly visible by the 3 m receiver and just barely visible by the 1.5 m receiver. Both receivers

are in the shadow zone of the 2.44 m source height.

Examination of the resulting A-weighted levels in Figures K-3 and K-4 shows that the largest

discrepancy, 1.1 dBA, occurs at the 3 m receiver. Comparison of the simulated source (single posi-

tion, octave band spectrum) and the single position, single frequency (550 Hz) A-weighted levels

shows them to be quite close (0.2 dBA). Certainly in a manual procedure where the objective is to

estimate the effectiveness of a barrier, the additional calculations required by resolution of the

source into its frequency components and source components is not justified. In a computer based

barrier design situation, the additional calculations are worthwhile. The question remains, however,

as to what are the proper locations and octave band levels for the resolved heavy truck sources? The
answer to this question is the object of current research.
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Figure K-4. Octave Band and A-Weighted Sound Levels Behind the Barrier at the 3 m Receiver
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EXAMPLE CALCULATIONS
«

3 m

30

1.5.
Receivers

Tires = m Source Height Engine = 1.2 m Exhaust ;
= 3.6 m

Barrier Attenuation, dB Barrier Attenuation, dB Barrier Attenuation, dB
Frequency, Hz

m Receiver 3 m Receiver 0m 3 m 0m 3 m

63 -6.56 -6.20 -5.76 -5.48 -5.00 -4.94

125 -7.65 -7.09 -6.39 -5.90 -5.00 -4.88

250 -9.19 -8.44 -7.41 -6.64 -4.99 -4.77

500 -11.09 -10.19 -8.86 -7.78 -4.99 -4.52

1,000 -13.26 -12.25 -10.71 -9.36 -4.97 -3.96

2,000 -15.59 -14.52 -12.83 -11.30 -4.95 -2.58

4,000 -17.38 -16.65 -15.14 -13.48 -4.90 -0.86

8,000 -18.57 -18.10 -17.09 -15.80 -4.79 -0.39

Simulated Truck — 2.44 m Source Height

Barrier Attenuation, dB
Frequency, Hz

m Receiver 3 m Receiver

63 -5.18 -5.05

125 -5.34 -5.10

250 -5.65 -5.19

500 -6.22 -5.38

1,000 -7.14 -5.72

2,000 -8.50 -6.33

4,000 -10.26 -7.32

8,000 -12.33 -8.75

550 -6.32 -5.41

I
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1.5 m RECEIVER

Freq.

TIRE NOISE ENGINE NOISE

Level A Level B.B. Level A Level B. B.

63 66 6.6 59.4 74.5 5.8 68.7

125 70.5 7.6 62.9 75.5 6.4 69.1

250 74 9.2 64.8 75.5 7.4 68.1

500 74 11.1 62.9 74 8.9 65.1

1 72 13.3 58.7 70.5 10.7 59.8

2 70.5 15.6 54.9 65 12.8 52.2

4 62 17.4 44.6 59 15.1 43.9

8 51 18.6 32.4 50 17.1 32.9

T 79.7 10.7 69.0 81.4 7.2 74.2

Freq.

STACK NOISE SIMULATED

Level A Level B.B. Level A Level B.B.

63 78 5.0 73 79.8 5.2 74.6

125 83 5.0 78 83.9 5.3 78.6

250 85 5.0 80 85.8 5.6 80.2

500 77 5.0 72 80.0 6.2 73.8

1 70 5.0 65 75.7 7.1 68.6

2 62 5.0 57 72.0 8.5 63.5

4 54 4.9 49.1 64.2 10.3 53.9

8 45 4.8 40.2 54.1 12.3 41.8

T 88.1 5.0 83.1 89.4 5.6 83.8

LEVEL BEHIND BARRIER -RECONSTRUCTION

Freq. Level in Front Level B.B. e_ ^RE -^SIM

63 79.8 74.5 -0.1

125 83.9 78.6

250 85.8 80.4 + 0.2

500 80.0 73.2 -0.6

1 75.7 66.9 -1.7

2 72.0 59.9 -3.6

4 64.2 51.3 -2.6

8 54.1 41.5 -0.3

T 89.4 83.8
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3 m RECEIVER

Freq.

TIRE NOISE ENGINE NOISE

Level A Level B.B. Level A Level B.B.

63

125

250

500

1

2

4

8

T

66

70.5

74

74

72

70.5

62

51

79.7

6.2

7.1

8.4

10.2

12.2

14.5

16.5

18.1

9.5

59.8

63.4

65.6

63.8

59.8

56

45.4

32.9

70.2

74.5

75.5

75.5

74

70.5

65

59

50

81.4

5.5

5.9

6.6

7.8

9.4

11.3

13.5

15.8

6.5

69

69.6

58.9

66.2

61.1

53.7

45.5

34.2

74.9

Freq.

STACK NOISE SIMULATED

Level A Level B.B. Level A Level B.B.

63 78 -4.9 73.1 79.8 5.0 74.8

125 83 4.9 78.1 83.9 5.1 78.8

250 85 4.8 80.2 85.8 5.2 80.6

500 77 4.5 72.5 80 5.4 74.6

1 70 4.0 66 75.7 5.7 70

2 62 2.6 59.4 72 6.3 65.7

4 54 0.9 53.1 64.2 7.3 56.9

8 45 0.4 44.6 54.1 8.7 45.4

T 88.1 4.8 83.3 89.4 5.2 84.2

RECONSTRUCTED LEVELS

Freq. Level B.B. e ~ Lr Lsim

63 74.7 -0.1

125 78.8

250 80.6

500 73.9 -0.7

1 67.9 -2.1

2 61.8 -3.9

4 54.4 -2.5

8 45.2 -0.2

T 84.0 -0.2
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I
A-WEIGHTING CORRECTIONS -1.5 m RECEIVER

Frequency Correction

TIRES ENGINE

Level B.B.
Corrected

Level
Level B.B.

Corrected

Level

63 -26.2 59.4 33.2 68.7 42.5

125 -16.1 62.9 46.8 69.1 53

250 -8.6 64.8 56.2 68.1 59.5

500 -3.2 62.9 59.7 65.1 61.9

1 58.7 58.7 59.8 59.8

2 1.2 54.9 56.1 52.2 53.4

4 1.0 44.6 45.6 43.9 44.9

8 -1.1 32.4 31.3 32.9 31.8

T 64.1 65.9

Frequency Correction

EXHAUST

Level B.B.
Corrected

Level
Level B.B.

Corrected

Level

63 -26.2 73 46.8 74.6 48.4

125 -16.1 78 61.9 78.6 62.5

250 -8.6 80 71.4 80.2 71.6

500 -3.2 72 68.8 73.8 70.6

1 65 65 68.6 68.6

2 1.2 57 58.2 63.5 64.7

4 1.0 49.1 50.1 53.9 54.9

8 -1.1 40.2 39.1 41.8 40.7

T -1.1 74.3 75.8

RECONSTRUCTED LEVEL

Frequency Level B.B. eA ~ LRA LSA

63 48.3 -0.1

125 62.5

250 71.8 0.2

500 70 -0.6

1 66.9 -1.7

2 61.1 -3.6

4 52.3 -2.6

8 40.4 -0.3

T 75.2 -0.6
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A-WEIGHTING CORRECTIONS- 3 m RECEIVER

Frequency Correction

TIRE ENGINE

Level B.B.
Corrected

Level
Level B.B.

Corrected

Level

63 -26.2 59.8 33.6 69 42.8

125 -16.1 63.4 47.3 69.6 53.5

250 -8.6 65.6 57 68.9 60.3

500 -3.2 63.8 60.6 66.2 63
1 59.8 59.8 61.1 61.1

2 1.2 56 57.2 53.7 54.9

4 1.0 45.4 46.4 45.5 46.5

8 -1.1 32.9 31.8 34.2 33.1

T 65.1 66.9

Frequency Correction

EXHAUST

Level B.B.
Corrected

Level
Level B.B.

Corrected

Level

63 -26.2 73.1 46.9 74.8 48.6

125 -16.1 78.1 62 78.8 62.7

250 -8.6 80.2 71.6 80.6 72

500 -3.2 72.5 69.3 74.6 71.4

1 66 66 70 70
2 1.2 59.4 60.6 65.7 66.9

4 1.0 53.1 54.1 56.9 57.9

8 -1.1 44.6 43.5 45.4 44.3

T 76.6

RECONSTRUCTED
LEVEL

Frequency Level B.B.

63 48.5

125 62.7

250 72

500 70.7

1 67.9

2 63
4 55.4

8 44.1

T 75.8
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Appendix L

TABLES, FIGURES, AND NOMOGRAPHS

This appendix contains all of the tables, figures and nomographs needed to predict a noise level

from highway traffic using the FHWA model.
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FEDERALLY COORDINATED PROGRAM OF HIGHWAY
RESEARCH AND DEVELOPMENT (TCP)

The Offices of Research and Development of the

Federal Highway Administration are responsible

for a broad program of research with resources

including its own staff, contract programs, and a

Federal-Aid program which is conducted by or

through the State highway departments and which

also finances the National Cooperative Highway

Research Program managed by the Transportation

Research Board. The Federally Coordinated Pro-

gram of Highway Research and Development

(FCP) is a carefully selected group of projects

aimed at urgent, national problems, which concen-

trates these resources on these problems to obtain

timely solutions. Virtually all of the available

funds and staff resources are a part of the FCP,

together with as much of the Federal-aid research

funds of the States and the NCHRP resources as

the States agree to devote to these projects.""

FCP Category Descriptions

1. Improved Highway Design and Opera-

tion for Safety

Safety R&D addresses problems connected with

the responsibilities of the Federal Highway

Administration under the Highway Safety Act

and includes investigation of appropriate design

standards, roadside hardware, signing, and

physical and scientific data for the formulation

of improved safety regulations.

2. Reduction of Traffic Congestion and
Improved Operational Efficiency

Traffic R&D is concerned with increasing the

operational efficiency of existing highways by

advancing technology, by improving designs for

existing as well as new facilities, and by keep-

ing the demand-capacity relationship in better

balance through traffic management techniques

such as bus and carpool preferential treatment,

motorist information, and rerouting of traffic.

* The complete 7-volume official statement of the FCP is

available from the National Technical Information Service

(NTIS), Springfield, Virginia 22161 (Order No. PB 242057,

price $45 postpaid). Single copies of the introductory

volume are obtainable without charge from Program
Analysis (HRD-2), Offices of Research and Development,
Federal Highway Administration, Washington, D.C. 20590.

3. Environmental Considerations in High-
way Design, Location, Construction, and
Operation

Environmental R&D is directed toward identify-

ing and evaluating highway elements which

affect the quality* of the human environment.

The ultimate goals are reduction of adverse high-

way and traffic impacts, and protection and

enhancement of the environment.

4. Improved Materials Utilization and Dura-
bility

Materials R&D is concerned with expanding the

knowledge of materials properties and technology

to fully utilize available naturally occurring

materials, to develop extender or substitute ma-

terials for materials in short supply, and to

devise procedures for converting industrial and

other wastes into useful highway products.

These activities are all directed toward the com-

mon goals of lowering the cost of highway

construction and extending the period of main-

tenance-free operation.

5. Improved Design to Reduce Costs, Extend
Life Expectancy, and Insure Structural

Safety

Structural R&D is concerned with furthering the

latest technological advances in structural de-

signs, fabrication processes, and construction

techniques, to provide safe, efficient highways

at reasonable cost.

6. Prototype Development and Implementa-
tion of Research

This category is concerned with developing and

transferring research and technology into prac-

tice, or, as it has been commonly identified,

"technology transfer."

7. Improved Technology for Highway Main-
tenance

Maintenance R&D objectives include the develop-

ment and application of new technology to im-

prove management, to augment the utilization

of resources, and to increase operational efficiency

and safety in the maintenance of highway

facilities.
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